Asymmetric catalysis with chiral monodentate phosphoramidite ligands by Duursma, Ate
  
 University of Groningen
Asymmetric catalysis with chiral monodentate phosphoramidite ligands
Duursma, Ate
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2004
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Duursma, A. (2004). Asymmetric catalysis with chiral monodentate phosphoramidite ligands. Groningen:
s.n.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019











ter verkrijging van het doctoraat in de 
Wiskunde en Natuurwetenschappen 
aan de Rijksuniversiteit Groningen 
op gezag van de  
Rector Magnificus, dr. F. Zwarts, 
in het openbaar te verdedigen op 
vrijdag 24 september 2004 







geboren op 1 juli 1977 
te Groningen 
Promotor:       Prof. dr. B.L. Feringa 




Prof. dr. H. Hiemstra 
Prof. dr. R.M. Kellogg 













































voor mijn ouders 
 
 
   
 








In tegenstelling tot wat het titelblad suggereert is een promotieonderzoek gelukkig geen 
solo-activiteit. Gedurende de afgelopen vier jaar ik heb met veel plezier samengewerkt met 
een hoop verschillende mensen, die ieder een bijdrage hebben geleverd aan dit proefschrift. 
Dat kan op het chemisch vlak zijn, of juist anderszins, op deze plaats wil ik iedereen daar 
hartelijk voor bedanken. Een aantal mensen heeft een speciale rol gespeeld gedurende mijn 
promotieonderzoek en die wil ik dan ook apart noemen. 
Allereerst wil ik mijn promotor, prof. dr. B.L. Feringa, bedanken voor de mogelijkheid om 
na mijn hoofdvak aan een promotie op “iets met stereochemie” te kunnen beginnen. Ben, je 
constante stroom wilde ideeën en niet aflatende enthousiastme heb ik altijd als een 
geweldige steun ervaren. Als copromotor is de bijdrage van dr. A.J. Minnaard onmisbaar 
geweest. Adri, je grote synthetische kennis en je nuchtere kijk op vele zaken (niet alleen de 
chemische) staan garant voor bijzonder prettige discussies en hebben mij altijd een eind op 
weg geholpen. 
De beoordelingscommissie bestaande uit prof. dr. H. Hiemstra, prof. dr. R.M. Kellogg en 
prof. dr. J.G. de Vries ben ik zeer erkentelijk voor de vlotte en kritische correcties van het 
manuscript. 
Na een moeizaam eerste jaar, waarin het af en toe meer op vallen dan opstaan leek, heb ik 
voort te kunnen bouwen op het succesvolle werk van Leggy, Robert en Roos. Ik ben deze 
en vele andere voorgangers op het gebied van de fosforamidiet liganden dan ook veel dank 
verschuldigd. Mede door hun “erfenis” in de vorm van adviezen en chemicaliën was een 
snelle start van het tweede deel van mijn onderzoek mogelijk. Tijdens de begeleiding van 
twee hoofdvakstudenten, eerst Gerlof en later Sven, zijn een aantal interessante vondsten 
gedaan die ongetwijfeld tot mooie publicaties gaan leiden. Onderzoek op het gebied van 
asymmetrische katalyse betekent in de praktijk dat je veel tijd spendeert achter een chirale 
GC- en HPLC-apparaten. De prettige samenwerking met Marc en Theodora tijdens het 
uitzoeken van de vele scheidingen heeft me daarbij erg geholpen. Op het gebied van 
apparatuur, van een stuk glaswol tot een complete robot, bleek Ebe een essentiele factor. 
Bij het opnemen en interpreteren van enkele 31P-NMR spectra was de hulp van Ron Hulst 
en Piet van Leeuwen onmisbaar. Voor de vele discussies binnen de subgroep 
asymmetrische synthese ben ik een hoop mensen dank verschuldigd, maar met name aan 
Alex, Diego, Heiko, Jean-Guy, Julia, Koen, Lavina, Michel, Richard, Rienk, Rob, Robert 
en Ruben. De samenwerking met DSM is erg productief geweest, met als gevolg de 
kleurrijke resultaten in hoofstuk 7 en twee mooie publicaties, waarvoor ik André, Jeroen en 
Laurent erg dankbaar ben. 
Voor de goede sfeer op zowel de labzaal als de gehele C-poot werd gezorgd door de (film) 
muziek, een eindeloze reeks verloren sportpoules, dito rondjes lab en de vele borrels. 
Vooral Dirk, Francesca, Gerlof, Inge, Jan, Jort, Julia, Jean-Guy, Lavinia, Matthijs, Rob, 
Robert, Roos en Richard waren verantwoordelijk voor de organisatie en uitvoering hiervan. 
Bij de chemische activiteiten buiten het lab denk ik met plezier terug aan de organisatie van 
   
de werkweek naar Göttingen, waarbij Matthijs de buschauffeur op het juiste pad hield en 
Jan zijn hekel aan schoolreisjes overwon. Hetzelfde geldt voor de reis naar Bristol met 
Michel en Rob, die strandde zonder baggage in Cardiff maar alsnog goed verliep dankzij 
een overwachte lift en de schone t-shirts van Rob. De deelname samen met Jan aan de ACS 
meeting in New York aan het eind van de promotie, inclusief het optreden bij Letterman, 
zou ik niet graag gemist willen hebben. 
Voor de broodnodige relativering van de dagelijkse bezigheden van een promovendus heb 
ik altijd kunnen rekenen op de jongens van ’95: Bram, Fokke, Hans, Hendrik, Jan, Peter, 
Sander en Thijl. Kijkduin, de koninginnedag barbeque en het pokeren zijn inmiddels 
succesvolle tradities die hopelijk nog een lang leven beschoren zijn. Het doet me dan ook 
goed dat Fokke en Thijl als paranimf willen fungeren tijdens de promotie. 
Hopelijk geeft dit boekje, en anders de samenvatting aan het eind ervan, ook aan vrienden 
en familie zonder chemische achtergrond een idee wat ik de afgelopen vier jaar nu 
daadwerkelijk gedaan heb. Speciaal wil ik mijn ouders en ook Broer en Hans bedanken 
voor de altijd oprechte belangstelling en onvoorwaardelijke steun. 
En boven alles gaat mijn dank en bewondering uit naar Astrid, voor alles dat niet met 
woorden gezed kan worden. 
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Chapter 1 
Introduction 
1.1   The language of chemistry 
Like art, chemistry can be considered as a form of language.1 Although chemists prefer to 
express their work in formulas and symbols, rather than words, a parallel with the natural 
language can be drawn.2 If one sees the letter as an atom, a molecule is the word and a 
reaction is the sentence in the language of chemistry. The first and one of the most essential 
letters in chemistry (Greek; khumeia, mixture of liquids) and this thesis is the C (Figure 
1.1). 
Figure 1.1 Symbol of carbon in the periodic table of elements. 
In the language of chemistry, letters are assigned to each element. The letter C stands for 
carbon (Latin; carbo, coal), the fundamental element of life because it accounts for 16 
kilograms of the human body and it is a main constituent of DNA. Carbon in its pure form 
can exist as graphite, bucky balls or diamond, but is also present in the atmosphere as 
carbon dioxide (CO2), which is assimilated by plants in order to grow. The fact that carbon 
plays a central role in living organisms was recognized in the 19th century by Berzelius,3 
which led to the term “organic chemistry” for the chemistry of carbon-containing 
compounds.4 
1.2   Chirality 
One consequence of carbon as the basis for life and organic chemistry is the introduction of 
chirality (Greek; cheir, hand). This phenomenon of handedness is caused by the fact that 
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This behaviour was first described in 1874 by Le Bel and Van ‘t Hoff, the first recipient of 
the Nobel Prize in chemistry in 1901.5 The tetrahedral shape of such a molecule leads to 
two spatially different oriented forms, called enantiomers (Greek, enantios, opposite), 
which can be seen to be mirror images. Enantiomers belong to the broader class of isomers 
known as stereoisomers.6 In contrast to constitutional isomers, where only the molecular 
formula is identical, stereoisomers also have an identical sequence in which the atoms are 
connected in the molecule. A further distinction in this class can be made by 
conformational isomers and configurational isomers, where only the former can be 
interconverted by rotation around single bonds. In the latter category one can find 
geometric isomers (cis and trans compounds) and central to this thesis: optical isomers. 
These molecules are said to be chiral, in most cases due to the presence of a stereogenic 
center (Figure 1.3). 
Figure 1.3 Classification of isomers. 
A pair of chiral molecules that are mirror images of each other and not superposable by 
rotation or translation are enantiomers. Whereas almost all of the physical and chemical 
properties of enantiomers are identical (vide infra), diastereomers, which contain two or 




























1.3   Consequences of chirality 
Although chirality at the molecular level might seem to be only of academic interest, it has 
in fact a large impact on our daily life. In 1815 Biot was the first to discover a macroscopic 
effect of molecular chirality.7 He showed that one of the few physical properties by which 
enantiomers differ is their ability to rotate the plane of polarized light. Whereas one 
enantiomer rotates the light in a clockwise direction (+), the other gives a counterclockwise 
rotation (-), a property known as optical activity. More pronounced are the different 
chemical properties of enantiomers when they interact with other chiral molecules. Because 
this interaction involves multiple stereogenic centers, diastereomeric interactions take 
place. This can give rise to different effects since the physical and chemical properties of 
diastereomers can differ greatly. Humans and all other living organisms, for example, have 
single enantiomer molecular components.6 Our enzymes are constructed with only one 
enantiomer of each amino acid and the sugar residues in DNA all have the same 
configuration. Hence the bioactivity of the two enantiomers of a food ingredient or drug can 















Figure 1.4 Enantiomers of the same compound with different bioactivity. 
Carvone has either a caraway or spearmint odor, depending on the enantiomer. In the case 
of pharmaceuticals, the different bioactivity of two enantiomers can have more serious 
consequences. The anaesthetic ketamine was originally administered as a racemate (equal 
mixture of enantiomers), until it was found that the S-enantiomer is the active compound 
and the R-enantiomer leads to undesirable side-effects. Considering these effects of 
molecular chirality, it is not surprising that routes which lead to a single enantiomer are of 
high interest and value for the production of chiral compounds used in perfumes, drugs, 
flavours and agrochemicals. 
1.4   Routes to enantiomerically pure compounds 
The most straightforward route to an enantiopure compound is to make use of the chiral 
pool, that is, those produced by natural processes such as agriculture or fermentation. 
Natural sources can easily provide large quantities of enantiopure building blocks, which 
can serve as starting point for the synthesis of more elaborate molecules. This natural 
homochirality can also be a disadvantage, because the available compound might be the 
unwanted enantiomer.9 However, even before Van ‘t Hoff’s theory about chirality, routes to 
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both enantiomers of a salt of racemic tartaric acid by crystallization.10 After this pioneering 
experiment, the separation of racemic compounds into their single enantiomers, called 
resolution,11 has emerged as one of the most important techniques for the synthesis of 
enantiopure compounds.12 A drawback of this method is the maximum yield of 50% one 
can theoretically obtain if the other enantiomer is considered to be useless. This can be 
overcome in certain special cases by a (dynamic) kinetic resolution where an (in-situ) 
racemization of the starting material can lead to a yield of 100% (Figure 1.5).13 
 
Figure 1.5 Routes to an enantiomerically pure compound. 
In the case of asymmetric synthesis, a prochiral molecule serves as the starting point. The 
main difference with the aforementioned methods is that the chirality is introduced by 
reagents used during the synthesis. In the case of a chiral auxiliary a stoichiometric amount 
of an enantiopure reagent is attached to the achiral substrate, making the subsequent 
introduction of a chiral center diastereoselective.14 However, the attachment of the auxiliary 
and its removal after the reaction adds two extra steps to the synthesis. In a similar fashion 
stoichiometric amounts of chiral reagents can also be employed. When a chiral catalyst is 
used to transform a prochiral substrate into an enantiopure product, one speaks of 
asymmetric catalysis. The advantage of a catalytic method is that only small amounts of 
chiral material are needed to produce large amounts of chiral product (chiral amplification) 
without the introduction of additional steps. Biocatalytic methods make use of enzymes or 
antibodies as catalysts,15,16 which can be highly selective for specific substrates, but their 
natural homochirality is an issue when one wants to obtain the non-natural enantiomer. On 
the other hand, chemical catalysts often accept a broad scope of substrates. And since they 
are commonly based on (transition) metals modified with enantiopure organic ligands, both 
enantiomers of a product can be obtained by inverting the configuration of the ligand. This 
is also possible for many of the recently developed organocatalysts.17 
1.5   Homogeneous asymmetric catalysis 
In 2001 Knowles, Noyori, and Sharpless received the Nobel prize in chemistry “for their 
work on chirally catalysed hydrogenation and oxidation reactions”.18-20 Their pioneering 
work opened up the field of research known as homogeneous asymmetric catalysis, which 
is also the subject of this thesis. In the 1960s Knowles modified Wilkinson’s homogeneous 
hydrogenation catalyst [RhCl(PPh3)3] with a chiral monodentate phosphane, which led to a 
Chiral pool Racemate Prochiral substrate
synthesis
resolution asymmetric synthesis













chiral homogeneous catalyst for the hydrogenation of prochiral olefins. The effectiveness of 
this approach was demonstrated in a pioneering experiment where α-phenylacrylic acid 
(1.1) was hydrogenated to phenylpropionic acid (1.2) with the use of such a modified 














Scheme 1.1 The first asymmetric catalytic hydrogenation. 
Although the enantiomeric excess (e.e.) is rather low by today’s standards, this proof of 
principle inspired many others to develop highly selective ligands for asymmetric catalysis. 
An important contribution was made by Kagan in 1971 with the synthesis of DIOP (1.3).22 
This was the first example of a chiral bidentate phosphane ligand, and it proved to be 
highly successful in asymmetric hydrogenation (up to 72% e.e.). Another major difference 
is the fact that the chirality of this C2-symmetric ligand is found at the tartaric acid-based 
backbone of the ligand and not at the phosphorus atom, allowing a more facile synthesis. It 
set the standard for the development of chiral ligands for asymmetric hydrogenation in the 
three following decades, leading to privileged23 bidentate ligands such as BINAP (1.4)24 













Figure 1.6 Bidentate ligands used for hydrogenation. 
Simultaneous with the advances in the field of asymmetric hydrogenations, catalytic 
asymmetric versions of conjugate additions, alkylations, reductions, and epoxidations were 
developed.26 A milestone in the latter case was the discovery of the catalytic asymmetric 
epoxidation of allylic alcohols (1.6) by Sharpless and Katsuki in 1980 (Scheme 1.2).27 
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Using 10 mol% of titanium(IV) isopropoxide and (+)-diethyl tartrate (1.8) as a chiral 
ligand, epoxides with >95% e.e. could be obtained. It seems only fitting that more then a 
century after the original experiment by Pasteur (vide supra), landmark discoveries in 
asymmetric hydrogenation and epoxidation are also based on tartaric acid. 
1.6   Monodentate phosphorus ligands in asymmetric catalysis 
Considering the tremendous accomplishments with the use of bidentate ligands in the field 
of asymmetric catalysis and their superiority over existing monodentate ligands like the 
ones developed by Knowles, there has been little incentive for the use of monodentate 
ligands for homogeneous asymmetric catalysis in the last part of the previous century. 
There is, however, no mechanistic basis which excludes monodentate ligands from giving 
efficient asymmetric catalysts. This was demonstrated in 2000 simultaneously by our group 























Scheme 1.3 Monodentate ligands for asymmetric hydrogenation. 
In a field dominated by the paradigm of bidentate ligands, it came as a (complete) surprise 
that monodentate phosphoramidite 1.11 (MonoPhos), phosphonite 1.12, and phosphite 1.13 
were able to act in the catalytic hydrogenation of methyl-2-acetamido acrylate (1.9) to the 
protected α-amino acid 1.10 with enantioselectivities up to 99%. Though chiral 
monodentate ligands had not been completely ignored in asymmetric catalysis, these 
unprecedented results led to a more general acceptance for the use of monodentate ligands. 
They give comparable or even better results than bidentate ligands, but their modular 
structure, facile synthesis and lower cost makes them ideally suited for applications in 
homogeneous asymmetric catalysis. The following review summarizes the results obtained 
with chiral monodentate phosphorus ligands in the field of homogeneous asymmetric 
catalysis. It covers the literature from the middle of 2002 up to the beginning of 2004. For a 
summary of the literature on this subject prior to middle of 2002 the reader is referred to 
three recent reviews.32-34 The advances in the field of asymmetric hydrogenation are only 












1.6.1   Hydrogenation 
Following the initial reports from 2000 (vide supra), many papers describing the 
hydrogenation of functionalized alkenes with the use of chiral monodentate ligands have 
appeared. The most versatile ligands are phosphoramidites (1.16) and phosphites (1.17), 
based on the atropisomeric BINOL (1.14) as the backbone, which obtains its chirality due 








































Scheme 1.4 Common classes of ligands and substrates for asymmetric hydrogenation. 
The phosphoramidites as well as the phosphites can be obtained via the same intermediate, 
phosphorochloridite 1.15, after reaction with an amine or alcohol, respectively. Considering 
the large number of available (chiral) amines and alcohols, this modular synthesis allows 
tuning of the ligand for the asymmetric hydrogenation of a particular substrate. Frequently 
used classes of substrates include dehydro α-amino acids (1.18), dehydro β-amino acids 
(1.19), itaconates (1.20), enamides (1.21), and, to a much lesser extent, enol esters (1.22). 
More detailed reviews concerning asymmetric hydrogenations, including substrates other 
than functionalized alkenes, can be found elsewhere.35,36 
1.6.2   Allylic substitution 
Allylic substrates containing leaving groups such as acetates and carbonates rapidly 
undergo substitutions, via the formation of a π-complex with various nucleophiles under the 
influence of a transition metal catalyst (Scheme 1.5). In addition to high enantioselectivity, 
a suitable catalyst also has to give a high regioselectivity in the case of an unsymmetrical 
substrate.26 Again, bidentate ligands have dominated this field of catalysis, but several 
reports have demonstrated that monodentate ligands can also lead to effective asymmetric 
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1.6.2.1   Allylic alkylation 
Soft carbon nucleophiles such as malonate anions 1.24 and palladium catalysts are most 
frequently used in combination with symmetric substrates 1.23 in order to avoid the 
problem of regioselectivity. Phospholes (1.26)37, hydrophoshoranes (1.27),38 and secondary 
phosphine oxides (1.28)39 are examples of monodentate ligands that are able to give 




















1.26 58% e.e. 1.27 74% e.e. 1.28 80% e.e.  
Scheme 1.5 Palladium catalyzed allylic alkylations. 
In a more challenging case, Helmchen has tested various phosphoramidite ligands in the 
iridium catalyzed alkylation of unsymmetrical allylic acetates.40 High e.e. values could be 
obtained with phosphoramidite ligand 1.32 in the presence of halide ions in the form of 
LiCl, which are known to accelerate isomerization of allylic intermediates,41 although the 
















Scheme 1.6 Iridium catalyzed allylic alkylation. 
In our group Hinke Malda and Toon van Zijl demonstrated that phosphoramidite ligands 
like 1.35 are able to give high enantioselectivities (up to 88%) and linear to branched ratios 
(up to 3:97) in the copper catalyzed allylic alkylation of linear as well as branched 
dialkylzinc reagents to various allylic bromides.42,43 Following examples set by our group, 
Zhou has employed spiro-analogs of phosphoramidites such as 1.38 in a number of 












high e.e. of 74% and a good linear to branched ratio of 12:88 were obtained, the scope 




























Scheme 1.7 Copper catalyzed allylic alkylations. 
In a similar manner, Alexakis used bisphenol-based phosphoramidite 1.41 to obtain a high 
e.e. and a good regioselectivity in the allylic alkylation with a branched Grignard reagent 




















Scheme 1.8 Allylic alkylation with Grignard reagents. 
Copper catalyzed allylic alkylation is also the basis of the enantioselective 











1.43 >98% e.e.  
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The best results (>98% e.e.) were obtained with the seven-membered bis-phosphate 1.42, 
whereas the corresponding five- and six-membered analogs gave 60% and 94% e.e. 
respectively. 
1.6.2.2   Allylic amination 
Allylic amination is a less well studied class of allylic substitutions. The group of Wills 
showed that monodentate diazaphospholidine ligands such as 1.46 give high 















1.44 1.45 88% e.e. 1.46
+
 
Scheme 1.10 Allylic amination. 
Shortly thereafter, Hartwig employed various phosphoramidites as chiral ligands in the 



















Scheme 1.11 Phosphoramidite as a ligand.  
The iridium-phosphoramidite catalyst based on ligand 1.32 proved to have a wide scope 
and the use of various allylic carbonates in combination with primary and secondary 
amines generally led to e.e. values of >94% and excellent branched to linear ratios. In a 
more detailed study, it was found that the active catalyst contains a cyclometalated 
phosphoramidite.52 Reaction of [Ir(COD)Cl]2 with phosphoramidite 1.32 in the presence of 
an amine gave complex 1.50 by cyclometalation at the methyl group of the amino 
substituent, elimination of amine hydrochloride and subsequent coordination of a second 



























Scheme 1.12 Cyclometalated phosphoramidite complex. 
This complex was isolated and turned out to have a higher activity and selectivity, as well 
as a broader scope, in allylic amination reactions. Successive work by Helmchen showed 
that the same catalytic system could be used in the allylic amination of dienyl esters 1.51 to 
give the corresponding products with excellent e.e. values and regioselectivity (Scheme 
1.13).53 
Ph OCO2Me H2N Ph Ph
HN Ph





Scheme 1.13 Allylic amination of dienyl esters. 
1.6.2.3   Allylic etherification 
The group of Hartwig also described the use of iridium-phosphoramidite catalyst 1.50 in 
enantioselective allylic etherification, as the only example of the use of a monodentate 
ligand in this reaction in addition to the bidentate palladium-bisamide catalyst by group of 
Trost.54 The reaction of aliphatic and aromatic allylic carbonates 1.53 with phenoxides 1.54 
containing electron withdrawing as well as electron donating substituents leads to excellent 












Scheme 1.14 Allylic etherification. 
Chiral aryl ethers are common subunits of biologically active molecules, and the group of 
Trost has used them as starting materials in the total synthesis of various natural 
products.56,57 
1.6.3   Hydrovinylation 
The asymmetric hydrovinylation of prochiral olefins is an excellent method for the 
preparation of compounds with an allylic stereogenic center.58 Using a nickel catalyst and 
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efficient manner. The mechanism requires a monodentate ligand, and Leitner has shown 
that the use of phosphoramidite ligand 1.32 leads to a highly active and selective catalyst 





1.57 95% e.e.  
Scheme 1.15 Nickel-phosphoramidite catalyzed hydrovinylation of styrene. 
RajanBabu subsequently tested various phosphoramidite ligands in the asymmetric 
hydrovinylation of norbornene (1.58), and found that again the use of ligand 1.32 led to the 





1.59 80% e.e.  
Scheme 1.16 Asymmetric hydrovinylation of norbornene. 
1.6.4   Hydrosilylation 
The group of Johannsen applied various monodentate phosphorus ligands in the 
asymmetric hydrosilylation of alkenes. This hydrometalation reaction, with a high 
regioselectivity for the Markovnikov product in case of aryl substituted olefins, leads to 
chiral organosilanes. A successive oxidation furnishes chiral alcohols with retention of 
configuration, making hydrosilylation an attractive alternative for the asymmetric 
hydroboration, mainly due to the lower catalyst loading and the use of cheap hydrosilanes.26 
The use of arylmonophosphinoferrocene ligands (1.62) led to high e.e. values, but the most 































In the case of asymmetric hydrosilylation of ketones, no recent examples of the use of 
monodentate ligands have been reported.  
1.6.5   Hydroformylation 
Like the field of asymmetric hydrogenation up to 4 years ago, the field of asymmetric 
hydroformylation has always been dominated by the use of bidentate ligands. However, 
two recent reports proved that monodentate phosphorus ligands can be applied successfully. 
The group of De Vries showed that phosphoramidites give low e.e. values and linear (1.65) 














1.64 18% e.e. 1.65
(S)-1.66  
Scheme 1.18 Hydroformylation of allyl cyanide. 
The group of Reetz has employed diazaphospholidines (1.69) as chiral monodentate ligands 
in the hydroformylation of styrene, and obtained slightly higher e.e. values but also 











1.67 37% e.e. 1.68
(S)-1.69  
Scheme 1.19 Hydroformylation of styrene. 
1.6.6   Conjugate addition 
In contrast to many reactions discussed above, monodentate ligands have been used in 
asymmetric conjugate addition reactions at a very early stage, with a seminal paper by the 
group of Alexakis.63 A breakthrough was made by our group in 1997 with the introduction 
of the monodentate phosphoramidite ligand 1.32, which proved to be a highly efficient 
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Scheme 1.20 Copper-catalyzed conjugate addition of diethylzinc.  
This initial report was followed by many more on this subject from our group and others, 
mainly using phosphoramidites,65 phosphites,66 and phosphonites67 as chiral monodentate 
ligands. The asymmetric conjugate addition of a carbon nucleophile can be considered as 
one of the most fundamental reactions in organic chemistry since it allows the simultaneous 
formation of a carbon-carbon bond and the introduction of a stereogenic center. This makes 
the reaction ideal for the construction of enantiopure chiral organic molecules such as 
natural products, fragrances and pharmaceuticals. Prime examples from our group include 
the total synthesis of prostaglandin E1 methyl ester (1.73) by Leggy Arnold and the kinetic 

































1.74 1.75  
Scheme 1.21 Applications of monodentate phosphoramidites in the conjugate addition. 
Advances in this field up to the middle of 2002, using mono- as well as bidentate ligands, 
have been thoroughly reviewed.33,47,65-67,70 More recently, three new monodentate 
phosphoramidites (including a polymer bound one) and a phosphite have been published as 
ligands for the copper catalyzed asymmetric conjugate addition of diethylzinc to 







































(R,R,R)-1.77 19% e.e. (R,S)-1.78 84% e.e.  
Scheme 1.22 Ligands for the conjugate addition to cyclohexenone. 
Acyclic Michael acceptors have proven to be a more challenging class of substrates for the 
copper-catalyzed conjugate addition with monodentate ligands (see Chapter 2). Minor 
modifications in the ligand structure of 1.32 allowed the use of unsaturated malonates as 
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Scheme 1.23 Unsaturated malonates as substrates. 
A method complementary to the copper-catalyzed conjugate addition of alkyl-groups is the 
rhodium-BINAP catalyzed conjugate addition of aryl- and alkenyl-groups developed by 
Miyaura and Hayashi.76 In our group, Jean-Guy Boiteau demonstrated that the use of 
phosphoramidite ligand 1.87 leads to very high e.e. values in the conjugate addition of 
arylboronic acids to cyclohexenone, which are as good as those obtained with BINAP while 
























Scheme 1.24 Conjugate addition of phenylboronic acid. 
1.6.7   Suzuki cross-coupling 
The Suzuki cross-coupling, a palladium-catalyzed cross-coupling of an organoboron 
compound with an aryl or alkenyl halide, is known to proceed in an enantioselective 
manner when mono- or bidentate phosphorus ligands are used.78 The axially chiral biaryls 
obtained by this reaction are the core of many chiral ligands. Ferrocenyl monophosphine 
ligand 1.91 gives a moderate e.e. in the atroposelective coupling of naphthalenes 1.88 and 












Scheme 1.25 Asymmetric Suzuki reaction. 
A similar result was obtained when the monodentate phosphetane 1.95 was used as a ligand 

















Scheme 1.26 Phosphetane as a chiral ligand. 
1.6.8   Heck reaction 
Recent reports by Roos Imbos from our group have shown that the palladium catalyzed 
intramolecular Heck reaction can proceed with high enantioselectivity when the 




























1.97  96% e.e. (R,R)-1.98  
Scheme 1.27 Intramolecular asymmetric Heck reaction. 
These results are comparable to those obtained with the use of bidentate ligands such as 
BINAP in intramolecular asymmetric Heck reactions.83 
1.6.9   Other reactions 
Reactions for which only a single example has been reported of the use of chiral 
monodentate ligands include the reductive coupling of alkynes (1.99) and aldehydes with 
ferrocenyl phosphine 1.102,84 and the allylation of aldehydes (1.104) using phosphepine 































Scheme 1.28 Other asymmetric reactions catalyzed by monodentate ligands. 
1.6.10   MOP ligands 
The monodentate phosphine ligands (x-MOP, 1.107) developed by Hayashi represent a 
two-faced class of ligands.86 On one hand their name and stoichiometry used with respect to 
the metal suggest a monodentate behaviour.87 Additional evidence is provided by crystal 
structures and the fact that the methoxy group in MeO-MOP (1.108) is not essential for 
effective asymmetric catalysis. On the other hand, other crystal structures and the fact that 
substitution of the methoxy-group by a non-coordinating group sometimes does lead to a 
loss of enantioselectivity, point to bidentate behaviour where the functionality at the 2’ 
















1.107 (S)-1.108  
Figure 1.7 MOP ligands. 
The main applications of MOP ligands are in asymmetric hydrosilylations, 
hydrovinylations and allylic alkylations, and have been recently reviewed.89 A special case 
is the rhodium catalyzed addition of phenylboronic acid (1.85) to 1-naphthaldehyde 
(1.109), where (S)-MeO-MOP is the only ligand known so far to induce enantioselectivity 








Scheme 1.29 Asymmetric addition of boronic acid to an aldehyde. 
The silaboration of allenes using chiral silylborane 1.112 is reported to proceed with high 
diastereoselectivity when a palladium catalyst based on chiral monodentate ligands, 
including phosphoramidites, is used.91 The best results were obtained with monodentate 
















Scheme 1.30 Palladium catalyzed silaboration of allenes.  
Buchwald has used various MOP ligands for the asymmetric arylation of ketone enolates 
with high enantioselectivity, a particularly valuable method for the generation of quaternary 





























1.7   Combinatorial asymmetric catalysis 
In the beginning of the 1990s the pharmaceutical industry embraced the tool of 
combinatorial chemistry as a way to speed up the drug discovery process.93 Initially based 
on the solid-phase chemistry developed by Merrifield,94 it became possible to prepare large 
numbers of compounds (libraries) in a simultaneous fashion on a solid support and screen 
them with an appropriate high-throughput method. More recently solution phase library 
synthesis has become more favourable.95,96 The strength of this approach is in the numbers. 
The iterative cycle of design, synthesis, and testing is repeated concurrently many times, in 







Figure 1.8 Classical versus combinatorial chemistry.  
Although combinatorial chemistry was initially restricted to peptide chemistry, a wide 
variety of methods for the synthesis and screening of combinatorial libraries became 
available by the middle of the 1990s. This made it available as more general tool for 
organic chemistry, including the rapid discovery and optimization of enantioselective 
homogeneous catalysts.98,99 However, the merger of these two fields into combinatorial 
asymmetric catalysis leads to a fundamental problem. Combinatorial approaches are 
essentially based on mixtures of compounds generating diversity, whereas asymmetric 
catalysis requires the ability to individually detect the selectivity of each catalyst. The most 
frequently applied solution is to perform parallel reactions (one catalyst per vial), followed 
by a high-throughput screening.100,101 The development of combinatorial methods for the 
synthesis102 and screening103 of enantioselective homogeneous catalysts is therefore an 
attractive field of research, and some new approaches will be described in this thesis. 
1.8   Aims and outline of this thesis 
As described in Chapter 1.6.6, conjugate addition is a key reaction for the simultaneous 
construction of carbon-carbon bonds and stereogenic centers. Monodentate 
phosphoramidite ligands lead to highly enantioselective catalysts for this reaction. 
However, chiefly cyclic substrates lead to compounds with high e.e. values. This thesis 
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phosphoramidite ligands, for acyclic substrates. This search can be done in a shorter time 
using combinatorial methods to find the best catalyst and conditions. The development and 
application of such methods are also subjects of this thesis. Chapter 2 deals with the 
conjugate addition of diethylzinc to nitrostyrenes as a class of acyclic substrates. It also 
describes the development of the one-pot multi-substrate screening as a combinatorial 
method for asymmetric catalysis. Chapter 3 covers the synthesis of aliphatic nitroalkenes 
and the applications of their conjugate addition products in the synthesis of amino acids and 
their derivatives. In Chapter 4 the conjugate addition of boronic acids to enones and 
nitroalkenes is described. Chapter 5 deals with the monodentate ligand combination 
approach as a tool for combinatorial asymmetric catalysis. In Chapter 6, trifluoroborates are 
presented as a new class of organometallic reagents for the conjugate addition of alkenyl 
groups. Chapter 7 deals with the development and screening of phosphoramidite ligand 
libraries in asymmetric catalysis. 
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Conjugate additions of diethylzinc to 
nitrostyrenes 
2.1   Introduction 
The development of copper-phosphoramidite catalysts for the asymmetric conjugate 
addition (ACA) of dialkylzinc reagents to cyclic substrates 2.1 has been highly successful 
and a wide range of enantiopure cyclic compounds 2.2 can be obtained with these catalysts. 
The applications of these reactions are described in Chapter 1.6.6 of this thesis and in the 
theses of Leggy Arnold, Robert Naasz and Roos Imbos.1 However, the levels of 
enantioselectivity obtained at that time with acyclic substrates 2.3 did not exceed 89% for 
2.4.2 Combined with the fact that benchmark substrates such as chalcone (2.3, Ar = Ph) 
were used, synthetic applications of copper-phosphoramidite catalysts in the ACA to 

















2.2 > 98% e.e.
2.4 < 90% e.e.
1% Cu(OTf)2
2% Phosphoramidite
X = CH2, O
 
Scheme 2.1 Cyclic versus acyclic substrates in the asymmetric conjugate addition. 
Early 2002, the group of Hoveyda was the first to demonstrate that high e.e. values could 
be reached for acyclic aliphatic enones in the copper catalyzed ACA, using bidentate 
peptidic phosphines as chiral ligands.3 At the same time we started to develop a copper-
phosphoramidite based catalytic system for the ACA to nitrostyrenes 2.5 (Scheme 2.2). 
These acyclic substrates are suitable Michael acceptors due to the strong electron-
withdrawing nitro group. They can be easily synthesized via the Henry condensation and 
many substituted nitrostyrenes are commercially available. Enantioselective addition of 
dialkylzinc reagents to nitroalkenes leads to chiral nitroalkanes 2.6 and through functional 
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aldehydes 2.8 can be obtained (Scheme 2.2).4 The synthetic versatility of the conjugate 
addition products 2.6 makes the development of a catalytic enantioselective route to these 


















Scheme 2.2 ACA to nitrostyrenes and transformations of nitroalkanes. 
2.2   Earlier work 
One of the first ACA of dialkylzinc reagents to nitrostyrenes was developed by Seebach in 
1995, using stoichiometric amounts of Ti-TADDOLates.5 A few years later, copper 
catalyzed methods for the ACA of diethylzinc to nitrostyrenes were reported by the groups 

































Scheme 2.3 Ligands for the copper catalyzed ACA to nitrostyrene. 
In our group, Jos Versleijen showed that the nitro-group needs to be in a trans orientation 
with respect to the phenyl group, since a mixture of E/Z isomers of 2.9 gave a higher e.e. 










2.10 23% e.e., 1:1 d.r. for E/Z 2.9
2.10 <2% e.e., 1:1 d.r. for Z 2.9
MeO
 










Conjugate additions of diethylzinc to nitrostyrenes 
2.3   Asymmetric conjugate addition of diethylzinc to nitrostyrenes 
In the initial experiments, nine different nitrostyrenes (2.5a-i) were individually allowed to 
react with diethylzinc in toluene at -45 oC under the influence of the racemic copper-
phosphoramidite catalyst derived from phosphoramidite L4. In three hours, complete 
conversion of the starting material was observed. With the aid of chiral GC it was 
established that the enantiomers of racemic 2.6a-i could separated individually (Table 2.1). 




















product GC retention time 
of 2.6 (min)a 
1 2.5a: furyl 29 100 2.6a 10.7 / 11.0 
2 2.5b: thienyl 50 100 2.6b 22.8 / 23.4 
3 2.5c: C6H5 52 100 2.6c 24.4 / 25.2 
4 2.5d: 4-CH3-C6H4 64 100 2.6d 36.2 / 37.5 
5 2.5e: 4-F-C6H4 69 100 2.6e 39.9 / 40.7 
6 2.5f: 4-CF3O-C6H4 77 100 2.6f 41.1 / 42.4 
7 2.5g: 4-CF3-C6H4 79 100 2.6g 44.9 / 46.2 
8 2.5h: 4-CH3O-C6H4 94 100 2.6h 59.2 / 60.2 
9 2.5i: 4-Br-C6H4 174 100 2.6i 77.6 / 78.5 
aDetermined by chiral GC, A-TA column. 
The fact that the enantiomeric pairs of all nine nitroalkanes can be separated on the same 
chiral GC-column without any overlap in the peaks makes these reactions suitable for a 
one-pot multi-substrate screening.  
2.4   One-pot multi-substrate screening 
As mentioned in Chapter 1.7 a combinatorial procedure employing a mixture of catalysts 
for an enantioselective reaction is not feasible since opposite selectivities and different 
reaction rates of the catalysts will lead to uninterpretable results. In 1998 the groups of 
Kagan and Gennari independently introduced the one-pot multi-substrate screening 
method.10,11 It has later been applied by the groups of Liskamp and Wolf.12,13 In this 
approach a mixture of substrates is converted by a chiral catalyst, and the resulting mixture 









   
Chapter 2 
 
reactions in order to determine the enantioselectivity of a catalyst for a number of substrates 
and decreases the time required for the analysis. However, two basic requirements for such 
a screening are: i) the product peaks in the chromatogram should not overlap, and in turn 
the product peaks should not overlap with the peaks resulting from unconverted starting 
material, ii) the different substrates and products should not interfere with each other during 
the reaction, for instance by autocatalysis14,15. That is to say, the outcome of the one-pot 
multi-substrate experiment should be identical to individual reactions. These conditions are 
met by the reaction shown in table 2.1, and a one-pot multi-substrate experiment using the 
nine different nitroalkenes 2.5a-i and the racemic copper-phosphoramidite catalyst was 















Figure 2.1 GC chromatogram of product mixture in the one-pot multi-substrate screening 
of nine nitroalkenes. 
To our delight the GC chromatogram showed 18 baseline separated peaks for the nine pairs 
of enantiomers. Since the reaction gives complete conversion, the only possible peak 
overlap of a starting material with a product (2.5f with 2.6i, see table 2.1) is avoided. In 
case where a catalyst does not give full conversion, the starting materials are easily 
removed by a quick filtration of the concentrated reaction mixture with an apolar solvent 
through a short path of silica. With this established one-pot multi-substrate procedure, eight 
phosphoramidites (L1-L9, Table 2.2) were tested as chiral ligands in the copper catalyzed 
ACA of diethylzinc to nitroalkenes 2.5a-i. In a typical experiment, 2.25 mmol of a mixture 
of 9 nitroalkenes (2.5a-i, 0.25 mmol each) was allowed to react with 3.4 mmol of 
diethylzinc and 2 mol% of an enantiopure catalyst based on Cu(OTf)2 and the ligands of 
Table 2.2 in toluene at –45oC. Lowering the temperature to –70oC led to a decreased 
reaction rate whereas higher temperatures were detrimental to the e.e. This also holds for 
the use of other solvents like THF, DCM and Et2O.  
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With all eight ligands complete conversion was obtained within three hours. After workup 
and filtration, the reaction mixture was analyzed by chiral GC and the e.e. values obtained 
for the products 2.6a-i are shown in Table 2.3. 
Table 2.3 E.e. values (%) of nitroalkanesa in the one-pot multi-substrate screening. 
product 2.6a 2.6b 2.6c 2.6d 2.6e 2.6f 2.6g 2.6h 2.6i 
ligand:          
(S)-L4 42 48 33 44 47 45 57 42 54 
(S)-L5 5 13 13 15 21 19 13 34 18 
(S,R,R)-L6 4 1 35 35 28 23 37 27 31 
(S,S,S)-L1 46 49 32 34 30 26 6 38 20 
(S,R,R)-L1 56 66 59 55 63 61 52 69 63 
(S,S)-L7 57 71 77 62 70 64 48 75 63 
(R,R)-L8 16 52 44 52 48 38 30 56 46 
(R,R,R,R)-L9 60 43 38 35 35 41 36 27 36 
aAbsolute configurations were not determined. 
In order to prove that the different reactions did not affect each other, excluding 
autocatalysis, different reaction rates or concentration effects, the reactions were also 
performed separately with ligand (S,R,R)-L1, which resulted in the same e.e. value and 
conversion in comparison to that of the combinatorial reaction. In the first experiment, with 
phosphoramidite ligand (S)-L4, moderate e.e. values were obtained, ranging from 33% for 
2.6c to 57% for 2.6g. Ligand (S)-L5, an excellent ligand for enantioselective 
hydrogenations,16 does not lead to a high selectivity in the present reaction. A more bulky 
amine moiety in the ligand seemed to be important in order to obtain higher 
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phenylethyl)amine, were tested. The amine part of the ligand is not only important for the 
level of enantioselectivity; its absolute configuration also dictates the absolute 
configuration of the product (π-face selectivity). Ligands (S)-L4, (S)-L5, (S,R,R)-L6, and 
(S,R,R)-L1 give the same major enantiomers in the products whereas for ligands (S,S,S)-L1 
and (S,S)-L7 the configuration is reversed. The 8H-BINOL17 based ligand (S,R,R)-L6 gives 
rise to low e.e. values compared to ligands (S,R,R)-L1 and (S,S)-L7, which induced 
moderate to high enantioselectivities. Like in the case of the conjugate addition to enones,18 
the diastereomeric ligands (S,R,R)-L1 and (S,S,S)-L1 display a matched/mismatched 
combination with 59% and 32% e.e. for 2.6c, respectively. Similar to the ACA to enones 
(S,R,R)-L1 is also the matched one for the conjugate addition reactions to nitroalkenes. 
Phosphoramidite (S,S)-L7,19 which contains the atropisomeric bisphenol moiety, induced 
the highest enantioselectivities for almost all products, leading to 77% e.e. for 2.6c. For 
2.6b 71% e.e. is obtained, whereas only moderate e.e. values have been reported up till now 
for this substrate.8 The influence of a bidentate ligand was investigated by comparing 
TADDOL phosphoramidites (R,R)-L8 and (R,R,R,R)-L9, but no improvement was 
observed going from a mono- to bidentate ligand.20 As can be concluded from table 2.3, 
there is no clear correlation between the electronic effect of a variety of substituents in the 
para position of the substrate arene moiety and the e.e. The position of the substituent on 
the aromatic ring was investigated using ortho-, meta- and para-trifluoromethyl-substituted 
nitrostyrene (2.5j,k and g) and the copper catalyst based on ligand (S,R,R)-L1 in a one-pot 
multi-substrate experiment. This resulted in 79%, 53%, and 52% e.e. for the corresponding 
nitroalkanes 2.6j, k and g, respectively (Scheme 2.5). This result implies that steric factors 






4% (S,R,R)-L1 2.6j = o-CF3  79% e.e.
2.6k= m-CF3 53% e.e.




Scheme 2.5 Effect of the position of the trifluoromethyl substituent. 
2.5   Chloride effect 
During the course of these experiments it was found that the use of phosphoramidite ligand 
(S,R,R)-L1 gave a very high reaction rate. Whereas the reactions catalyzed by all the other 
copper-phosphoramidite catalysts needed 2.5 to 3 h to give complete conversion, the 
catalyst based on ligand (S,R,R)-L1 was able to induce complete conversion within 15 min. 
Another remarkable feature is that the e.e. value of 59% obtained for 2.6c with (S,R,R)-L1 
is significantly higher than the 48% e.e. reported by Sewald for the same reaction (Scheme 
2.3).6 When these results suddenly became irreproducible (longer reaction times and lower 
e.e. values were observed) all the reactants were carefully analyzed for the presence of 
impurities that might explain this behaviour. With the use of 1H-NMR, optical rotation and 
ESI-MS it was established that different batches of ligand (S,R,R)-L1 contained up to 30% 
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reason for the presence of this impurity is found in the synthesis and purification procedure 



















(S)-2.11 2.12 2.13  
Scheme 2.6 Synthesis of ligand (S,R,R)-L1. 
Like most of the other phosphoramidites, ligand (S,R,R)-L1 is synthesized via the reaction 
of a phosphorochloridite (2.11) with a lithium amide, made from the corresponding amine 
(2.12) and butyllithium. To ensure complete conversion of 2.11 a 5% excess of lithium 
amide is employed. If the lithium amide is not completely formed the reaction between 2.11 
and 2.12 will produce HCl, instead of LiCl. Amine 2.12 will then act as a base and form the 
hydrochloric acid salt 2.13. Unlike similar ligands such as (S,S,S)-L1 and (S,S)-L7 that are 
purified by silica gel chromatography, phosphoramidite (S,R,R)-L1 is purified by 
crystallization from acetone, in which the hydrochloric acid salt 2.13 is moderately soluble 
and thus ends up in the final product. The effect of this impurity was examined by the use 
of several additives, in a 1:5 ratio with respect to ligand (S,R,R)-L1, in the ACA of 
diethylzinc to 2.5c (Table 2.4) 








toluene, -45oC  
entry additive conversion (%)a time (min) e.e. (%)a 
1 none 100 180 47 
2 2.13 100 <1 62 
3 Bu4NCl 100 3 56 
4 Et2NH2Cl 100 <1 65 
5 NH4Cl 100 15 64 
6 NaCl 100 150 35 
aDetermined by chiral GC. 
 
The use of analytically pure phosphoramidite ligand (S,R,R)-L1 led to a reaction time that 
was similar to those of the other ligands and nicely confirmed the results obtained by 
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to the catalyst) gave a dramatic increase of the reaction rate as well as a higher e.e. (entry 
2). This is a remarkable effect since previous experiments in our laboratory indicated that 
the presence of halides is detrimental for the enantioselectivity of copper-phosphoramidite 
catalysts in the ACA of dialkylzinc reagents to enones. Other chloride salts (entries 3-5) 
give the same effects, while the addition of NaCl only leads to a lower e.e. The low amount 
of chloride needed to accelerate the reaction led to the observation that use of improperly 
cleaned glassware, i.e. not thoroughly flushed with demineralized water, gives a higher 
reaction rate due to residual traces of chloride. The chloride effect was further investigated 
with the use of different copper halide salts as a catalyst precursor (Table 2.5). 









entry Cu source conversion (%)a time (min) e.e. (%)a  
1 CuF2 54 180 5 
2 CuCl 100 <1 54 
3 CuCl2 100 <1 54 
4 CuBr2 100 30 50 
5 CuI 62 180 23 
aDetermined by chiral GC. 
These data demonstrate that the chloride ion is responsible for the acceleration of the 
reaction (entries 2,3),21 whereas other halides have no (entries 1,5) or a less dramatic effect 
(entry 4). Although the substitution of Cu(OTf)2 in combination with Et2NH2Cl by CuCl or 
CuCl2 leads to similar reaction rates, the enantioselectivity is slightly higher in the former 
case. The reason for these effects remains unknown up till now.  
The activity of the catalyst was more accurately determined by measuring the turnover 
frequency (T.O.F.), which is the number of substrate molecules converted by one molecule 
of catalyst per hour. Since this is dependent on substrate concentration, an initial turnover 












Initial T.O.F. > 10.000 h-1  
Scheme 2.7 Determination of the initial turnover frequency. 
At the first time an accurate sample can be taken, after 30 seconds, the conversion is 
already at 85%, corresponding to an initial T.O.F. of greater than 10.000 per hour, which is 
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formation.22 Besides a high activity, a high stability is also a basic requirement for a good 
asymmetric homogeneous catalyst.23 The stability of this catalyst was determined by 
measuring the turnover number (T.O.N.), which is the number of substrate molecules 
converted by one molecule of catalyst. Reducing the catalyst loading turned out to be an 
unreliable way to determine this number, because the uncatalyzed reaction between 
diethylzinc and 2.5c became a competing reaction, yielding low e.e. values. Therefore a 
catalyst loading of 0.5% was used, corresponding to a T.O.N. of 200, and at complete 























Figure 2.2 Determination of the turnover number. 
As can be seen from figure 2.2, six batches of substrate could be converted to the product 
without any loss of enantioselectivity, corresponding to a highly stable catalyst with a 
T.O.N. of at least 1200. The beneficial effect of chloride in the copper-phosphoramidite 
catalysis is also observed in case of (S,S)-L7, but not with (S)-L4.  
In the aforementioned cases where complete conversions of 2.5c were obtained, the isolated 
yields of 2.6c were often in the range of 70 to 80%. Some of the product loss might be 
attributed to the workup procedure and the fact that these catalytic reactions were 
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isolation a quantitative GC analysis was performed. It demonstrated that the desired 
product 2.6c was formed in 90% yield, along with two side products in equal amounts of 






















Scheme 2.8 GC analysis of the ACA products. 
Alkene 2.14c is obtained by substitution of the vinylic nitro group by an ethyl group, which 
was also observed by Seebach in 1992 and published as a novel reaction for C-C cross-
coupling.24 The reaction proceeds in the absence of a catalyst, and although the yields 
initially did not exceed 48%, it was optimized to give high yields with various other 
organometallic reagents.25-28 The mechanism is proposed to proceed via a radical pathway 
based on spectroscopic evidence and the fact that radical scavengers inhibit the reaction. 
Side product 2.15c, arising from a second addition of an ethyl group, has also been 
mentioned as a side product by Seebach in the same paper where he describes the reaction 
leading to 2.14c. In our case 2.15c is isolated as a single diastereomer, but it is not known if 
it is the syn or anti isomer.29 The fact that 2.15c has a high d.e. and the same e.e. as the 
mono addition product 2.6c holds promise for the selectivity of possible electrophilic 
trapping reactions of the zinc enolates (Chapter 3.6)18. The mechanism in this case is 
probably best explained by an addition of diethylzinc to the nitronate, since there is no 
source of an electrophilic ethyl group present. Analogous side products were observed in 
the reactions with other nitrostyrenes. In order to increase the yield of the desired product it 
was tried to avoid the formation of side products 2.14c and 2.15c. However, the addition of 
radical scavengers and the exclusion of light and oxygen could not prevent these minor side 
reactions and therefore did not lead to an improved yield. On the other hand, the addition of 
chloride could prevent the formation of 2.15c because it only increased the rate of 
formation of 2.6c, whereas formation of 2.15c is not accelerated. Alkene 2.14c is produced 
rapidly in the beginning of the reaction and its formation could not be suppressed with the 
addition of chloride, although it is converted into an unknown product during the course of 































Figure 2.3 E.e. (%) of 2.6c during the reaction (a) without chloride; 2.5c, 2% Cu(OTf)2, 
4% (S,R,R)-L1, toluene, -45°C (b) with chloride; as in (a) with 0.8% Et2NH2Cl. 
A striking feature of this reaction is that the e.e. is not constant during the reaction, but 
increases with the conversion (Figure 2.3). This behaviour has been also observed for 
copper-phosphoramidite catalysts in allylic alkylation reactions.30 Since a racemate is 
formed in the beginning of the reaction (figure 2.3a), it is thought that different catalytic 
species are present at that time. The fact that a higher e.e. is reached in the presence of 
chloride, while the e.e. still increases with conversion (figure 2.3b), suggests that the 
enantioselective catalyst is formed more rapidly in this case. In order to confirm this 
hypothesis, 10% of 2.5d was allowed to react with diethylzinc under the influence of the 
copper-phosphoramidite catalyst with additional chloride, and subsequently 90% of 2.5c 

















10% 90%  
Scheme 2.9 Attempt to observe the enantioselective catalyst. 
To our surprise the e.e. for 2.6c did not improve and again it increased with conversion. 
This result suggests that impurities in the substrate might be responsible for the observed 
effect. Despite a thorough investigation of this effect, such as the exclusion of light and 
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behaviour has been found yet and therefore further research like that described in Chapter 
3.8 is required. 
2.6   Further developments 
Shortly after the publication of our results,31 several other groups reported on the catalytic 
asymmetric Michael addition to nitrostyrenes. The group of Barnes and Ji developed a 
magnesium-bisoxazoline catalyst (2.18) for the Michael addition of malonates (2.16),32 and 






















2.18 95% e.e. 2.19 93% e.e.
2.16
 
Scheme 2.10 Catalysts for the ACA of malonates. 
A method complementary to the ACA of alkyl groups, yielding the same products, is the 
asymmetric conjugate reduction of substituted enones and lactones by the groups of 
Lipshutz and Buchwald.34,35 The group of Carreira demonstrated that a copper-
bisphosphane catalyst based on Josiphos is able to give nitroalkanes 2.6, starting from 
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2.7   Conclusions 
In conclusion we have shown that phosphoramidites are excellent ligands for the 
asymmetric conjugate addition of diethylzinc to nitroalkenes. In a one-pot multi-substrate 
procedure moderate to high e.e. values have been obtained for a mixture of nine different 
aromatic nitroalkanes. The benefits of such a procedure are a considerable reduction of time 
in the screening and optimization of catalysts. Other catalytic systems that lead to these 
products, such as the enantioselective conjugate reduction of nitroalkenes,36,37 can also be 
evaluated in this way. No correlation was found between the electronic effect of 
substituents on the para position of the arene moiety of the substrate and the e.e. The 
increase of e.e. that is observed by placing a substituent at the ortho position suggests that 
steric factors play a larger role than electronic ones in the enantiodeterminig step. The 
addition of trace amounts of chloride, which were initially found as an impurity in the 
ligand, give a highly active and stable catalyst, with an initial T.O.F. of at least 10.000 per 
hour and a T.O.N. of at least 1200. In all cases an increase of the e.e. with the conversion 
was observed, which could be due to trace impurities in the substrate. Although the 
obtained enantioselectivities (up to 79%) are amongst the highest for the ACA of 
dialkylzinc reagents to aromatic nitroalkenes,7,8 high levels of stereocontrol such as 
observed in the conjugate reduction (>90%) have not yet been achieved.36 
2.8   Experimental section 
General remarks.  
All reactions were carried out under a nitrogen atmosphere using flame dried glassware. 
Toluene was distilled from sodium. Chromatography: Merck silica gel Type 9385 230-400 
mesh, TLC: Merck silica gel 60 F254. 1H-, 13C-, and 31P-NMR spectra were recorded on a 
Varian Gemini 200 (200, 50 and 81 MHz, respectively) using CDCl3 as solvent. Chemical 
shifts are reported in ppm with the CHCl3 resonance as the internal standard for 1H (δ 7.25), 
CDCl3 for 13C (δ 77.0), and external H3PO4 for 31P-NMR (δ 0.0). Data are reported as 
follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = 
broad, m = multiplet), coupling constants (Hz), and integration. Optical rotations were 
measured on a Perkin Elmer 241 polarimeter. Mass spectra were recorded on a AEI-MS-
902 mass spectrometer. Enantiomer separations were performed on a HP 5890 and HP 
6890 gas chromatograph equipped with a chiral capillary GC column using a flame 
ionization detector or a Shimadzu LC-10AD VP equipped with 6 parallel normal phase 
chiral HPLC columns with heptane/isopropanol as the eluent using a diode array detector. 
Nitroalkenes were commercially available from Aldrich and used as received (98-99% 
purity). Phosphoramidite ligands (L1,2 L4,2 L5,38 L639 and L719) were synthesized 
according to literature procedures, which are described in detail in Chapter 7. Ligands L840 
and L941 were kindly provided by Roos Imbos. Analytical data for the ligands can be found 
in the given references. For pure (S,R,R)-L1 see below. Resolution of the racemates of 
compounds 2.6a-i and k was performed on a HP 5890A gas chromatograph equipped with 
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with an oven temperature of 120 oC, heated to 130 oC with 10 oC/min after 10 min, then to 
150 oC with 10 oC/min after 27 min and finally to 170 oC with 10 oC/min after 20 min. 
Retention times for 2.6a-i are given in Table 2.1, for 2.6k 39.2 and 40.5 min. Enantiomer 
separation of compound 2.6j was performed on a HP 5890A gas chromatograph equipped 
with a Supelco β-dex 120 column (30m x 0.25mm x 0.12 µm), helium as the carrier gas 
(1.0 ml/min) and an oven temperature of 130 oC, retention time of 33.8 and 34.4 min.  
General procedure A. Synthesis of racemic nitroalkanes 2.6a-i.  
In a Schlenk flask 7.2 mg (0.02 mmol) of Cu(OTf)2 was flame-dried, and together with 16.6 
mg (0.04 mmol) of racemic phosphoramidite L4 dissolved in 3 ml of dry toluene. After 
stirring 30 min at room temperature 1.0 mmol of nitroalkene was added to the clear 
solution. The reaction mixture was cooled to -45 oC and 1.5 ml of Et2Zn (1.5 mmol, 1.0 M 
solution in hexanes) was added. The reaction mixture was stirred at -45 oC for 3 h and then 
poured into 10 ml of saturated aqueous NH4Cl and diluted with 10 ml of ethyl acetate. The 
aqueous layer was extracted twice with 10 ml of ethyl acetate and the combined organic 
layers were dried over Na2SO4, concentrated and purified by means of column 
chromatography.  
2-(1-Nitromethyl-propyl)-furan (2.6a). According to general procedure 
A, 139 mg (1.0 mmol) of 2.5a gave 69 mg (0.4 mmol, 41% yield) of 
2.6a as a colorless oil after column chromatography (pentane:diethyl 
ether 9:1 Rf 0.8). Spectral data were in accordance with literature.5;7  
2-(1-Nitromethyl-propyl)-thiophene (2.6b). According to general 
procedure A, 155 mg (1.0 mmol) of 2.5b gave 82 mg (0.4 mmol, 44% 
yield) of 2.6b as a colorless oil after column chromatography 
(pentane:diethyl ether 9:1 Rf 0.8). Spectral data were in accordance with 
      literature.5 
(1-Nitromethyl-propyl)-benzene (2.6c). According to general 
procedure A, 149 mg (1.0 mmol) of 2.5c gave 75 mg (0.4 mmol, 42% 
yield) of 2.6c as a colorless oil after column chromatography 
(pentane:diethyl ether 9:1 Rf 0.8). Spectral data were in accordance with  
      literature.5;7 
1-Methyl-4-(1-nitromethyl-propyl)-benzene (2.6d). According to 
general procedure A, 163 mg (1.0 mmol) of 2.5d gave 106 mg (0.5 
mmol, 55% yield) of 2.6d as a colorless oil after column 
chromatography (pentane:diethyl ether 9:1 Rf 0.8). Spectral data were 
in accordance with literature.5;7 
1-Fluoro-4-(1-nitromethyl-propyl)-benzene (2.6e). According to 
general procedure A, 167 mg (1.0 mmol) of 2.5e gave 105 mg (0.5 
mmol, 53% yield) of 2.6e as a colorless oil after column 
chromatography (pentane:diethyl ether 9:1 Rf 0.8). 1H-NMR δ: 7.13 
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0.82 (t, J= 7.5 Hz, 3H); 13C-NMR δ: 163.6 (s), 134.9 (s), 129.0 (d), 128.9 (d), 115.9 (d), 
115.6 (d), 80.6 (t), 45.2 (d), 26.1 (t), 11.4 (q). HRMS calcd for C10H12NO2F 197.085 found 
197.085. 
1-(1-Nitromethyl-propyl)-4-trifluoromethoxy-benzene (2.6f). 
According to general procedure A, 233 mg (1.0 mmol) of 2.5f 
gave 110 mg (0.4 mmol, 42% yield) of 2.6f as a colorless oil after 
column chromatography (pentane:diethyl ether 9:1 Rf 0.8). 1H-
NMR δ: 7.20 (m, 5H), 4.55 (m, 2H), 3.38 (m, 1H), 1.70 (m, 2H), 
0.83 (t, J= 7.5Hz, 3H); 13C-NMR δ: 148.4 (s), 138.0 (s), 128.9 (d), 121.2 (d), 118.6 (s), 80.3 
(t), 45.2 (d), 26.1 (t), 11.4 (q). HRMS calcd for C11H12NO3F3 263.076 found 263.076. 
1-(1-Nitromethyl-propyl)-4-trifluoromethyl-benzene (2.6g). 
According to general procedure A, 217 mg (1.0 mmol) of 2.5g 
gave 106 mg (0.4 mmol, 43% yield) of 2.6g as a colorless oil after 
column chromatography (pentane:diethyl ether 9:1 Rf 0.8). 1H-
NMR δ: 7.60 (d, J=8.1 Hz, 2H), 7.32 (d, J=8.1 Hz, 2H), 4.58 (m, 
2H), 3.44 (m, 1H), 1.74 (m, 2H), 0.84 (t, J=7.5 Hz, 3H); 13C-NMR δ: 143.4 (s), 127.9 (d), 
125.9 (d), 125.8 (s), 80.1 (t), 45.7 (d), 26.1 (t), 11.4 (q). HRMS calcd for C11H12NO2F3 
247.081 found 247.082. 
1-Methoxy-4-(1-nitromethyl-propyl)-benzene (2.6h). 
According to general procedure A, 179 mg (1.0 mmol) of 2.5h 
gave 114 mg (0.5 mmol, 55% yield) of 2.6h as a colorless oil 
after column chromatography (pentane:diethyl ether 9:1 Rf 0.5). 
Spectral data were in accordance with literature.5 
1-Bromo-4-(1-nitromethyl-propyl)-benzene (2.6i). According to 
general procedure A, 228 mg (1.0 mmol) of 2.5i gave 121 mg (0.5 
mmol, 47% yield) of 2.6i as a colorless oil after column 
chromatography (pentane:diethyl ether 9:1 Rf 0.8). 1H-NMR δ: 7.46 
(dd, J=8.6, 1.8 Hz, 2H), 7.07 (d, J=8.6 Hz, 2H), 4.53 (m, 2H), 3.32 
(m, 1H), 1.68 (m, 2H), 0.82 (t, J=7.5 Hz, 3H); 13C-NMR δ: 138.2 (s), 131.9 (d), 129.2 (d), 
121.3 (s), 80.3 (t), 45.4 (d), 26.0 (t), 11.4 (q). HRMS calcd for C10H12NO279Br 257.005 
found 257.004. 
1-(1-Nitromethyl-propyl)-2-trifluoromethyl-benzene (2.6j). 
According to general procedure A, 217 mg (1.0 mmol) of 2.5j 114 mg 
(0.4 mmol, 46% yield) of 2.6j as a colorless oil after column 
chromatography (pentane:diethyl ether 9:1 Rf 0.5). 1H-NMR δ: 7.70 (m, 
1H), 7.57 (m, 1H), 7.37 (m, 2H), 4.56 (d, J=11.1 Hz, 2H), 3.87 (quint, 
J=11.1 Hz, 1H), 1.81 (m, 2H), 0.81 (t, J=10.8 Hz, 3H); 13C-NMR δ: 132.3 (s), 127.5 (d), 
127.4 (d), 126.8 (d), 126.6 (d), 121.4 (s), 80.2 (t), 40.4 (d), 26.3 (t), 11.2 (q). HRMS calcd 
for C11H12NO2F3 247.081 found 247.083. 
1-(1-Nitromethyl-propyl)-3-trifluoromethyl-benzene (2.6k). 
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mg (0.4 mmol, 45% yield) of 2.6k as a colorless oil after column chromatography 
(pentane:diethyl ether 9:1 Rf 0.8). 1H-NMR δ: 7.45 (m, 4H), 4.58 (m, 2H), 3.41 (m, 1H), 
1.72 (m, 2H), 0.84 (t, J=7.5 Hz, 3H); 13C-NMR δ: 140.4 (s), 131.0 (d), 129.4 (d), 125.8 (s), 
80.1 (t), 45.7 (d), 26.1 (t), 11.4 (q). HRMS calcd for C11H12NO2F3 247.081 found 247.083. 
General procedure B. One-pot multi-substrate reactions.  
In a Schlenk flask 16.2 mg (0.045 mmol) of Cu(OTf)2 was flame-dried and together with 
0.09 mmol of phosphoramidite dissolved in 3 ml of dry toluene. After 30 min of stirring at 
room temperature 0.25 mmol of each nitroalkene (2.5a-i) was added to the clear solution. 
The reaction mixture was cooled to -45 oC and 3.4 ml of Et2Zn (3.4 mmol, 1.0 M solution 
in hexanes) was added. The reaction mixture was stirred at 0 oC for 3 h and then poured 
into 10 ml of saturated aqueous NH4Cl and diluted with 10 ml of ethyl acetate. The aqueous 
layer was extracted twice with 10 ml of ethyl acetate and the combined organic layers were 
dried over Na2SO4, concentrated and filtered through a short path of silica with 
pentane:diethyl ether 9:1 to give the mixture of nine nitroalkanes (2.6a-i) as a clear 
colorless oil, which was analyzed by chiral GC (Figure 2.1). 
O,O’-(S)-(1,1’-dinaphthyl-2.2’-diyl)-N,N’-di-(R,R)-1-phenylethylphosphoramidite 
((S,R,R)-L1). Purification by successive crystallizations from 
p.a. acetone until no 2.13 could be detected by 1H-NMR. 1H-
NMR δ: 7.95 (m, 4H), 7.61 (d, J= 4.8 Hz, 1H), 7.42 (m, 4H), 
7.20 (m, 3H), 7.11 (m, 10H), 4.51 (m, 2H), 1.85 (d, J= 7.2 Hz, 
6H); 13C-NMR δ: 149.9, 149.5, 142.7, 132.7, 131.3, 130.4, 
130.2, 129.4, 129.1, 128.2, 128.0, 127.9, 127.8, 127.7, 127.1, 
127.0, 126.6, 125.9, 124.7, 124.4, 124.0, 122.3, 121.7, 52.3, 52.1, 21.9; 31P-NMR δ: 144.7. 
[α]D= +490.5° (c = 0.79, CHCl3). Anal. calcd for C36H30NO2P C 80.13, H 5.60, N 2.60 
found C 79.90, H 5.54, N 2.68. 
(R,R)-Bis(1-phenylethyl)amine hydrochloride (2.13). Obtained as a 
commercial sample. 1H-NMR δ: 10.5 (br s, 2H), 7.44 (m, 10H), 3.85 (m, 2H), 
1.90 (d, J= 6.9 Hz, 6H); 13C-NMR δ: 136.2, 129.1, 129.0, 128.1, 57.0, 21.4. 
[α]D= +27.0° (c = 0.79, CHCl3). 
 
General procedure C. Detailed analysis of the ACA of diethylzinc to 2.5c by GC. 
In a Schlenk flask 5.0 mg (14 µmol) of Cu(OTf)2 was flame-dried, and together with 15.0 
mg (28 µmol) of phosphoramidite (S,R,R)-L1 (and 5.6 µmol of a chloride source if 
applicable) dissolved in 2 ml of dry toluene. After stirring 30 min at room temperature 104 
mg (0.7 mmol) of 2.5c was added to the clear solution, followed by 5 µL of n-tridecane as 
internal standard. The reaction mixture was cooled to –45 oC and 1.0 ml of Et2Zn (1.0 
mmol, 1.0 M solution in hexanes) was added. The reaction mixture was stirred at -45 oC 
and 0.1 ml samples were taken at the indicated times. These were quenched by vigorously 





















Conjugate additions of diethylzinc to nitrostyrenes 
aqueous NH4Cl. The organic layer was removed, filtered over Na2SO4, and analyzed by 
chiral GC. 
(E)-But-1-enyl-benzene (2.14c). Isolated after column chromatography 
(hexane:ethyl acetate 5:1 Rf 0.8) of the crude reaction mixture of 2.6c as a 
colorless oil. Spectral data were in accordance with literature.26 
(1-Ethyl-2-nitro-butyl)-benzene (2.15c). Isolated after column 
chromatography (pentane:diethyl ether 95:5 Rf 0.9) of the crude reaction 
mixture of 2.6c as a colorless oil, single diastereomer by NMR. 1H-NMR δ: 
7.33 (m, 3H), 7.25 (m, 2H), 4.53 (dt, J=10.5, 2.7 Hz, 1H), 2.95 (dt, J=9, 5.7 
Hz, 1H), 1.72 (m, 2H), 1.38 (m, 2H), 0.80 (t, J=7.2 Hz, 3H), 0.67 (t, J=7.2 Hz, 3H); 13C-
NMR δ: 143.4 (s), 128.9 (d), 128.2 (d), 127.4 (s), 95.5 (d), 51.4 (d), 25.7 (t), 11.4 (q), 10.2 
(q). MS (CI) found 225 [M+NH4]+. Enantiomer separation on an Astec A-TA column (30m 
x 0.25mm x 0.12 µm), initial temp 100oC, initial time 55 min, rate 10oC/min, final temp 
140oC, 60.3 / 60.6 min (GC). 
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Conjugate additions of dialkylzincs to 
aliphatic nitroalkenes 
3.1   Introduction 
As discussed in Chapter 2, methodologies that provide high enantioselectivities in the 
copper catalyzed asymmetric conjugate addition (ACA) of organometallic reagents to 
acyclic substrates are highly desired. Acyclic nitroalkenes are excellent substrates for this 
purpose, as is demonstrated by the fact that the use of nitrostyrenes leads to e.e. values of 
up to 79% for nitroalkanes in the ACA of diethylzinc using a copper-phosphoramidite 
catalyst. Encouraged by these results the use of aliphatic nitroalkenes as acyclic substrates 
was investigated. 
3.2   Earlier work 
In contrast to aromatic nitroalkenes, aliphatic nitroalkenes represent a less studied class of 
acceptors in the ACA. Simultaneous with the first examples of the ACA of diethylzinc to 
nitrostyrenes,1 the group of Sewald also successfully employed the acyclic aliphatic 
nitroalkene 3.1 for the first time as a substrate. This experiment was later repeated by the 


















86% e.e., ref 1
60% e.e., ref 2
 
Scheme 3.1 Early examples of an ACA to an acyclic aliphatic nitroalkene. 
Cyclic aliphatic nitroalkene 1-nitrocyclohexene (3.3) has been used more frequently as a 
substrate, leading to higher enantio- and diastereoselectivities for the corresponding 
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BINAP catalyzed ACA of phenylboronic acid by the groups of Miyaura and Hayashi and 
the copper-phosphine catalyzed ACA of diethylzinc by the group of Hoveyda. These 
additions give the corresponding arylated and alkylated product, respectively, in over 95% 






















L = L =
 
Scheme 3.2 ACA to nitrocyclohexene. 
Despite these positive indications, acyclic aliphatic nitroalkenes remained a challenging 
class of substrates for the catalytic ACA, with 86% e.e. as the highest value reported so far. 
Furthermore, the applications of these ACA products have been rarely demonstrated, 
despite the known versatility of the nitro group in functional group transformations.5,6 
3.3   Synthesis of aliphatic nitroalkenes 
The first step in the most common route to nitroalkenes is the reaction between a 
nitroalkane 3.7 and a carbonyl containing compound 3.6,7 known as the Henry or nitroaldol 
reaction.8 Dehydration of the resulting β-nitroalcohol 3.8 furnishes the desired nitroalkene 
3.9 (Scheme 3.3). 
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3.8 3.9  
Scheme 3.3 General preparation of nitroalkenes. 
This approach works well when aldehydes are used as a carbonyl component. It is less 
general for ketones due to steric factors and the reversibility of the reaction.9 In our case a 
linear 3.10, cyclic 3.11 and functionalized aldehyde 3.12 were allowed to react with 





























3.10-12 R= C5H11        3.14 88%
R= Cy               3.15 86%





THF, 0oC, 16 h
CH2Cl2, 0
oC, 2 min
R= C5H11        3.17 92%
R= Cy               3.18 60%
R= CH(OMe)2 3.1   90%  
Scheme 3.4 Synthesis of trans nitroalkenes. 
In order to avoid low enantioselectivities in the catalytic ACA due to the presence of cis 
isomers,10 the nitroalcohols were selectively dehydrated to give trans nitroalkenes 
(3.1,3.17-18) in good yields and up to 20 gram scale by the acylation-elimination procedure 
developed by Marcin and Denmark.11  
3.4   Conjugate additions of dialkylzincs 
In the initial experiments the three synthesized acyclic nitroalkenes and the commercially 
available 1-nitrocyclohexene were tested as substrates in the catalytic ACA of diethylzinc. 
As a catalyst the two most selective copper-phosphoramidites for the catalytic ACA to 
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toluene, -45oC, 3 h
or
 






































aDetermined by chiral GC, bnot tested, ccis:trans ratio. 
Analogously to the nitrostyrenes (Chapter 2), aliphatic nitroalkenes all gave complete 
conversion to the corresponding product within three hours. The obtained 
enantioselectivities, however, were generally higher and phosphoramidite ligand (S,R,R)-
L1 proved to be superior to (S,S)-L2. Similar to the examples shown in scheme 3.2, 
nitroalkane 3.4 is predominantly formed as the cis isomer. The formation of this kinetic 
product is attributed to equatorial protonation of the zinc nitronate (3.21).3 It was 
transformed into the thermodynamically more stable trans isomer by treatment with 1 equiv 



























Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
The e.e. value of 90% for 3.2 is slightly higher than the 86% obtained by the group of 
Sewald and can be attributed to a lower reaction temperature. The results obtained by the 
group of Alexakis in the field of the ACA of diethylzinc reagents to nitroalkenes were not 
reproducible in our hands. Nitroalkane 3.2 is particularly interesting because it is a 
bifunctional molecule and a subsequent reduction of the nitro group and transformation of 























β2-amino alcohol β2-amino aldehyde β2-amino acid β3-amino acid
deprotection oxidation
 
Scheme 3.6 Proposed route to β2-amino acids and derivatives. 
In contrast to the frequently studied β3-amino acids, routes to β2-amino acids and their 
derivatives are scarce. The former can be synthesized from the chiral pool via the Arndt-
Eistert homologation of α-amino acids,12 or by the asymmetric hydrogenation of the 
corresponding dehydroamino acid precursors like 3.22. In our group Diego Peña recently 














Scheme 3.7 β3-Amino acid synthesis by asymmetric hydrogenation. 
β2-Amino acids on the other hand have so far been prepared from the chiral pool, or with 
methods that use stoichiometric amounts of chiral reagents such as the Evans auxiliary 
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There is currently no catalytic enantioselective route to these β2-amino compounds, but 
based on the aforementioned results the catalytic ACA of dialkylzincs to nitropropene 
acetals should provide an attractive route to these compounds.  
At that moment we realized that nitroacrylates such as 3.29 could also provide a route to β2-
amino acids, in a similar fashion to that outlined for the nitropropene acetals. The required 
nitroalkene could be synthesized in a good overall yield from ethyl glyoxylate (3.27) via a 
nitroaldol reaction followed by dehydration. The conditions for the Henry reaction were 
slightly modified compared to scheme 3.4, in order to prevent dimer formation by a 
nitroaldol of 3.28 with 3.27. Nitroalkene 3.29 was then used as a substrate for the catalytic 
ACA of diethylzinc (Table 3.2). 























oC, 1.5 h CH2Cl2, 0
oC, 2 min







entry % cat L temp. time (min) conv. 3.29 (%)a e.e. 3.30 (%)a 
1 2 (S,R,R)-L1 -45°C 10 100 19 
2 2 (S,S)-L2 -45°C 10 100 26 
3 0 - -45°C 10 100 0 
4 0 - -60°C 10 100 0 
aDetermined by chiral GC. 
It quickly became apparent that the low e.e. values that were obtained (entries 1,2), were 
due to a fast blank reaction (entries 3,4). Even at -60°C in the absence of a catalyst 
complete conversion of 3.29 is obtained within 10 minutes. Presumably the presence of two 
electron-withdrawing groups makes the substrate too reactive towards diethylzinc, and 
renders nitroalkene 3.29 unsuitable as a substrate for the catalytic asymmetric synthesis of 
β2-amino acids.  
Therefore we focused on the use of the less activated nitropropene acetals like 3.1 as 
substrates, which showed no blank reaction under these reaction conditions. The substrate 
scope was increased by the synthesis of three additional nitropropene acetals via a Lewis-
































3.31 61% 3.32 70% 3.33 10%
3.31-33
 
Scheme 3.9 Synthesis of nitropropene acetals. 
Nitroalkenes 3.31 and 3.32 were obtained in good yields. The (nonoptimized) low yield for 
3.33 can be explained by the low solubility of the diol under the reaction conditions. In 
preliminary experiments, we screened four different copper-phosphoramidite catalysts, 
based on phosphoramidite ligands L1-L4 with respect to their ability to induce 
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2 3.1 L2 3.2 27 87 
3 3.1 L3 3.2 32 14 



























8 3.32 L2 3.35 74 79 

















aIsolated yield, bdetermined by chiral GC, cdetermined by chiral HPLC. 
As can be seen from entries 1-4 in Table 3.3, bulky chiral substituents at the amine moiety 
of the chiral ligand are necessary to obtain high e.e. values. Comparison of entries 1,2, 5,6, 
and 7,8 shows that (S,R,R)-L1, with (S)-BINOL as the diol moiety, gives in all cases better 
results than bisphenol-based ligand (S,S)-L2. Even with a low catalyst loading of 1 mol%, 










Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
3.3, entry 1) due to a slower addition (over 1 min) of the diethylzinc, which ensures a 
constant temperature of the reaction mixture.  
In contrast to the enantioselectivity, the isolated yield of nitroalkane 3.2 is considerably 
lower. This could be attributed to the high stability of the actual product of the ACA, the 
zinc nitronate 3.37 (Table 3.4) 


















toluene, -45oC, 3 h 3.23.37 workup  
entry H+ workup time yield 3.2 (%) 
1 sat. NH4Cl (aq) 30 sec 21 
2 sat. NH4Cl (aq) 10 min 79 
3 1.0M HCl (aq) 30 sec 37 
4 1.0M HCl (aq) 10 min 2 
5 6.0M HCl (aq) 30 sec 25 
6 6.0M H2SO4 (aq) 30 sec 16 
 
Several workup conditions were tested by pouring the reaction mixture into a 1:1 solution 
of diethyl ether and an aqueous acid, followed by vigorous stirring for the indicated time, 
extraction and column chromatography. Comparison of entries 1 and 2 shows the stability 
of nitronate 3.37, even in acidic solution, and therefore the need of an elongated workup 
time in order to ensure a high yield of nitroalkane 3.2. Although the use of a stronger acid 
such as HCl gives a higher yield with a short workup time (entry 3), the yield decreases 
when a longer workup time or a higher concentration are used (entries 4-6). This is 
probably due to hydrolysis of the acetal moiety and/or the nitro group (Nef reaction).6 
Besides the workup method, the conditions were also optimized for the screening of 
dialkylzinc reagents by performing the reactions at a slightly lower temperature (-55°C). 
The two most successful nitropropene acetals, 3.1 and 3.32, were allowed to react with 
various dialkylzinc reagents using the copper-phosphoramidite catalyst based on (S,R,R)-
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entry substrate R’2Zn product yield (%) e.e. (%) 













































6 74 88 
aAll reactions went to completion (18 h for entries 1,2; 3 h for all others), bat -70°C. 
Under these conditions excellent enantioselectivities were obtained for both substrates, the 
readily accessible nitropropene acetal 3.1 proved to be the most suitable substrate for the 
addition of simple aliphatic zinc reagents (entries 1,3 and 5). A functionalized zinc reagent 
can also be used, although it contained impurities that resulted in a lower selectivity (entry 
7). The low e.e. value for 3.41 can be explained by the high reactivity of diisopropylzinc, 










Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
3.5   Synthesis of β2-amino compounds 
We were very pleased to isolate the ACA product 3.38 with an e.e. of 98%, as it contains a 
stereogenic center bearing a methyl substituent, which is a prominent feature in many 
natural products.16 As outlined in scheme 3.6, nitropropane acetals might be easily 
converted into β2-amino acids and their derivatives. But in order to make the copper-
phosphoramidite catalyzed ACA of dialkylzincs to nitropropene acetals a practical method 
for the synthesis of these building blocks that can be used in total synthesis, the reaction 
should be performed on a larger scale than the typical (sub) 1mmol scale used in 












90% yield, 98% e.e.
toluene, -55oC, 18 h
 
Scheme 3.10 Large scale preparation of 3.38. 
After column chromatography 2.9 gram of (R)-3.38 with an e.e. of 98% could be isolated, 
corresponding to a yield of 90%. This demonstrated that the reaction is of preparative value 
and provides sufficient material for further transformations. The nitro group was reduced 
with Raney-nickel and 20 bar of hydrogen; the use of 10% Pd/C as a catalyst or lower 
hydrogen pressures gave incomplete conversions and low yields. In order to prevent 
problems during the workup and storage of the products, the free amine was immediately 









64% yield, 98% e.e.
NHBoc
O 3.44
89% yield, 98% e.e.
NHBoc
OH 3.45
91% yield, 98% e.e.
NHBoc
O 3.46
82% yield, 98% e.e.
HO
i)  Raney-nickel, 20 bar H2
ii) Boc2O, Et3N
EtOH, r.t., 30 min
Amberlyst-15, H2O
Acetone, r.t., 18 h
NaBH4
EtOH, 0oC, 1 h
H5IO6, H2O, 1% CrO3
MeCN, 0oC, 30 min
 
Scheme 3.11 Synthesis of β2-amino aldehyde, alcohol and acid. 
A mild hydrolysis of the acetal moiety with the acidic Amberlyst-15 resin gave β2-amino 
aldehyde 3.44, which is a building block used in the total synthesis of leukocyte adhesion 
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3.45, a starting material in the synthesis of β-methyl carbapenem antibiotics.18 The absolute 
configuration (R) of products 3.43-46 could be assigned by comparison of the optical 
rotation of 3.45 with a literature value.19 Because of the intermediate oxidation state of 
amino acetal 3.43, oxidation under acidic conditions gives in a single step the 
corresponding N-Boc-protected β2-amino acid 3.46, used in the total synthesis of the tumor 
selective cytotoxins Cryptophycins A-D.20 The free amino acid has been isolated as a 
natural product from human urine and the bulb of Iris tingitana.21,22  
3.6   Nitronate trapping reactions 
As described in Chapter 3.4, the actual product of an ACA of a dialkylzinc reagent to a 
nitroalkene is an alkylzinc nitronate 3.47. If this species is trapped in situ at carbon with an 
electrophile, a disubstituted nitroalkane 3.48 is obtained, which could lead to β2,3-amino 




















3.47 3.48 3.49  
Scheme 3.12 Electrophile trapping of the alkylzinc nitronate. 
Following the successful examples of our group23-25 and others26,27 in the tandem reaction of 
zinc enolates with electrophiles, a number of different electrophiles were added to nitronate 
3.50 (Table 3.6). 

















toluene, 0oC, 1 h 3.50
E
E  
entry E eq. temp. additive conv. 3.50 (%) 
1 MeI 1 - 10 r.t. - 80°C DMPU 0 
2 BnBr 1 - 10 r.t. - 80°C HMPA 0 
3 PhCHO 1 - 10 r.t. - 80°C DMPU 0 
4 allyl acetate 1 - 10 r.t. - 80°C 5% Pd(PPh3)4 0 
 
Unfortunately none of the electrophiles reacted with the methylzinc nitronate. Even when 
the number of equivalents of electrophile was raised to 10, additives were used to create a 
more reactive nitronate or when the trapping was performed at a higher temperature no 
addition occurred. The low reactivity of these alkylzinc nitronates combined with the fact 
that early work by Seebach demonstrated that lithium nitronates are also not able to 










Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
Instead of a one-pot tandem conjugate addition-electrophile trapping, nitroalkane 3.38 is 
isolated by the standard acidic workup and in a second reaction deprotonated with a base in 
the presence of an enone that serves as an electrophile (Table 3.7) 














R= H  3.52  
entry enone base solvent conv. 3.38 (%) 
1 3.51 MeONa MeOH 29 
2 3.51 tBuOK tBuOH/THF 68 
3 3.51 KF/18-crown-6 CH3CN 69 
4 3.51 DBU CH3CN 95 
5 3.52 DBU CH3CN 0 
 
With this approach it proved to be possible to trap the nitronate with an electrophile, using 
acetonitrile as the solvent and DBU as a base.29 In spite of the fact that benzylidene acetone 
(3.51) could be converted in high yield in this reaction, methyl vinyl ketone (3.52) did not 
react. Starting from enantiopure 3.38 and 3.51, the corresponding conjugate addition 
product 3.53 could be obtained in moderate yield and diastereoselectivity while preserving 
















Scheme 3.13 Conjugate addition to benzylidene acetone. 
The addition of 20 mol% of (S)-proline30 or the chiral amine organocatalysts developed by 
MacMillan,31,32 did not improve the diastereoselectivity. Therefore this route was not 
further pursued, although disubstituted nitroalkanes like 3.53 can provide highly 
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3.7   Halide effect 
As described for nitrostyrenes in Chapter 2.5, the addition of chloride has a dramatic effect 
upon the rate of the ACA of diethylzinc to nitropropene acetals, decreasing the reaction 












3.1 3.2 96% e.e.toluene, -55oC, < 1 min.
0.8% Et2NH2Cl  
Scheme 3.15 Chloride effect. 
This beneficial effect of chloride prompted us to investigate the use of alkylzinc halides as 
organometallic reagents, which are more widely available than the corresponding 
dialkylzincs as they can readily be obtained from the corresponding Grignard. Butylzinc 


























Scheme 3.16 ACA with alkylzinc halides. 
Unfortunately, replacement of dialkylzincs with alkylzinchalides as the organometallic 
reagent was not straightforward. Ethylzinc chloride did not react, even at elevated 
temperatures, whereas the use of butylzinc bromide led to complete conversion to the 
desired product, but without any enantioselectivity. 
3.8   Increase of e.e. with conversion 
Although the e.e. values obtained with the use of nitroalkanes 3.2 and 3.38-40 are high 
enough for application such as the synthesis of β2-amino acids, an increase of e.e. with 
conversion is observed, similar to the behaviour observed for the nitrostyrenes described in 
Chapter 2.5. Therefore it is required that all reactions give complete conversion in order to 
achieve high enantioselectivities. Experiments described in Chapter 2 attributed this 
behaviour to possible impurities in the substrate. Though none were found by NMR, MS or 










Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
isomer of the nitroalkene, which is known to give a low e.e. value.10 A substrate for which 
the presence of a cis isomer can be excluded is 3.3. By taking a sample during the initial 
and final state of the ACA reaction of diethylzinc, the e.e. of 3.4 at different conversions 








+   8% conv.  10% e.e.94% conv.  84% e.e.
 
Scheme 3.17 E.e. value of 3.4 during the reaction. 
This demonstrates that even in the absence of possible cis isomers, a racemate is produced 
in the beginning of the reaction. In order to distinguish between the nitroalkene or the 
dialkylzinc reagent as the source of this effect, the ACA of diethylzinc to 3.1 is studied in 
more detail. The e.e. is plotted as a function of conversion when, a) nitroalkene 3.1 is added 




































Figure 3.1 E.e. of 3.2 versus conversion, with a) 3.1 added in two portions, b) Et2Zn added 
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The curve for experiment a in the graph shows that when the second batch of substrate is 
added at around 50% conversion, a decrease in e.e. is observed. On the other hand the curve 
for experiment b shows a continuous increase of the enantioselectivity, even when around 
50% conversion the second batch of diethylzinc is added. These observations suggest that 
the nitroalkene is responsible for the formation of the product with low e.e. in the initial 
state of the reaction. After this initial state the product is formed with much higher e.e., 
giving an increase in the observed overall e.e. The e.e. obtained at complete conversion is 
almost identical to the e.e. of the product that is formed after the initial state, since the 
amount of product formed in the initial state is very little. Although it is not exactly clear 
why the nitroalkene causes this effect in the beginning of the reaction, since no impurities 
could be detected, it might be prevented by first adding a small amount of another 
















73% conv.  80% e.e.
99% conv.  96% e.e.  
Scheme 3.18 Addition of Me2Zn followed by Et2Zn. 
To our surprise an increase of the e.e. for 3.2 was also observed with the use of this 
approach, contradicting with the hypothesis outlined above. In fact, all attempts to prevent 
this effect have been unsuccessful so far. Further investigations into this matter could be 
highly rewarding, because higher enantioselectivities could be obtained if the non-selective 
initial phase of the reaction can be prevented. This is particularly true in cases where the 
reaction does not go to complete conversion. It might also explain similar observations for 
other copper-phosphoramidite catalyzed reactions.33 
3.9   Further developments 
Almost simultaneous with the publication of our results on this subject,34 the group of 
Sewald developed an enantioselective catalytic route to β2-amino acids using nitroacrylate 



















Scheme 3.19 ACA of diethylzinc to nitroacrylate 3.54. 
A high e.e. is obtained despite the high reactivity of this substrate (vide supra) by 










Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
reduction and Boc-protection of the nitro group, followed by saponification of the methyl 
ester gave the corresponding ethyl-substituted β2-amino acid. The group of Wendisch used 
the identical substrate and a copper-phosphoramidite catalyst based on L1 to provide 85% 

















Scheme 3.20 ACA of Et2Zn and Et3Al to 3.54. 
More recently the group of Sibi demonstrated that a chiral Lewis acid catalyzed radical 
addition followed by H-atom transfer leads to compounds (3.57) that can be converted into 























Scheme 3.21 Enantioselective H-atom transfer. 
3.10   Conclusions 
The synthesis of a number of trans aliphatic nitroalkenes was carried out on a practical 
scale via a nitroaldol reaction followed by an acylation-elimination reaction. These 
aliphatic nitroalkenes are excellent substrates for the ACA of diethylzinc, catalyzed by a 
copper-phosphoramidite based on Cu(OTf)2 and (S,R,R)-L1. Whereas nitroacrylates were 
too reactive, nitropropene acetals generally gave over 90% e.e. in the ACA of Et2Zn. A 
number of structurally different nitropropene acetals could be easily synthesized via 
transacetalization with a diol. The alkylzinc nitronates that are obtained after the ACA and 
prior to acidic workup, are relatively stable. Therefore they require a longer workup time in 
order to give good yields of the desired nitroalkane and they are unreactive towards various 
electrophiles. Optimization of the reaction conditions that prevented the occurrence of a 
blank reaction, led to very high enantioselectivities (> 95%) in the ACA of dialkylzinc 
reagents to dimethoxynitropropene acetal 3.1. The reaction with Me2Zn could be carried 
out on gram scale and served as a starting point for the first catalytic enantioselective 
synthesis of β2-amino compounds. The intermediate oxidation state of the acetal moiety 
proved to be an advantage, since it allowed direct access to the β2-amino acid as well as the 
β2-amino aldehyde. The addition of chloride had a beneficial effect upon the reaction rate, 
but did not result in an improvement of  the enantioselectivity. The use of alkylzinc halides 
as organometallic reagents was not very successful, because no enantioselectivity was 
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although the experiments suggest that the nitroalkene is responsible for this effect, neither 
the origin nor a rational for this effect has yet been found. 
3.11   Experimental section 
General remarks. 
For general information see Chapter 2. Dimethylzinc (2.0 M in toluene) and diethylzinc 
(1.1 M in hexanes) were purchased from Aldrich, dibutylzinc (1.0 M in heptane) from 
Fluka. They were immediately stored in Schlenk vessels under a nitrogen atmosphere and 
used without purification. Bis(methyl-6-heptanoate)zinc, 2,2-diphenyl-propane-1,3-diol and 
EtZnCl were kindly provided by Leggy Arnold. Phosphoramidite ligands (L140, L2,41 L340 
and L442) were synthesized according to literature procedures,42,43 which are discussed in 
detail in Chapter 7. Spectral data for the ligands can be found in the given references. 
General procedure A. Synthesis of nitroalkenes 3.1, 3.17-18. 
According to a slightly modified literature procedure,11 potassium tert-butoxide (0.05 eq.) 
was added to a stirred solution of aldehyde (1.0 eq.), nitromethane (1.5 eq.), THF (3.0 eq.) 
and tert-butanol (2.8 eq.) at 0 0C. The mixture was allowed to warm to room temperature 
over 2 h and stirred overnight. The mixture was poured into water and extracted with 3 
portions of diethyl ether. The combined organic layers were washed with brine, dried over 
MgSO4 and concentrated to give the crude β-nitroalcohol (1H- and 13C-NMR given), which 
was dehydrated without further purification. Trifluoroacetic anhydride (1.05 eq.) was added 
to a solution of β-nitroalcohol (1.0 eq.) in CH2Cl2 (18 eq.) at –10 oC. The resulting solution 
was stirred for exactly 2 min, and then triethylamine (2.0 eq.) was added dropwise over 15 
min and the reaction mixture was stirred for an additional 30 min at –10 oC. The resulting 
mixture was poured into CH2Cl2 and washed with 2 portions of saturated aqueous NH4Cl. 
The aqueous layers were extracted with 2 portions of CH2Cl2 and the combined organic 
layers were washed with brine, dried over MgSO4 and concentrated. The residue was 
purified by column chromatography.  
1,1-Dimethoxy-3-nitro-propan-2-ol (3.16). 1H-NMR δ: 4.46 (m, 4H), 
3.44 (s, 6H), 2.98 (br s, 1H); 13C-NMR δ: 104.5 (d), 76.7 (t), 69.0 (d), 
56.3 (q), 55.7 (q). 
 
(E)-3,3-Dimethoxy-1-nitro-propene (3.1). According to general 
procedure A, 19.8 g (0.19 mol) of glyoxal dimethylacetal (33 g of a 60% 
aqueous solution) gave 24.8 g (0.17 mmol, 89% yield) of 3.1 as a light 
yellow oil after column chromatography (pentane:ethyl acetate 10:1 Rf 
0.4). 1H-NMR δ: 7.17 (dd, J=13.5, 1.5 Hz, 1H), 7.00 (dd, J=13.5, 3.3 Hz, 1H), 5.08 (dd, 
J=3.3, 1.5 Hz, 1H) 3.31 (s, 6H); 13C-NMR δ: 142.4 (d), 136.3 (d), 97.9 (d), 52.9 (q); MS 
(CI+) 165 [M+NH4]+; Anal. calcd for C5H9NO4 C 40.82, H 6.17, N 9.52 found C 40.60, H 
















Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
1-Nitro-heptan-2-ol (3.14). 1H-NMR δ: 4.38 (m, 3H), 2.73 (br s, 
1H), 1.43 (m, 8H), 0.86 (t, J=4.2 Hz, 3H); 13C-NMR δ: 80.6 (t), 
68.6 (d), 33.6 (t), 31.9 (t), 24.7 (t), 22.3 (t), 13.8 (q). 
 
(E)-1-Nitro-hept-1-ene (3.17). According to general procedure A, 
3.00 g (30 mmol) of hexanal gave 3.47 g (24 mmol, 81% yield) of 
3.17 as a light yellow oil after column chromatography (pentane:ethyl acetate 20:1 Rf 0.8). 
Spectral data were in accordance with literature.11 
1-Cyclohexyl-2-nitro-ethanol (3.15). 1H-NMR δ: 4.44 (m, 2H), 4.06 
(m, 1H), 2.63 (br s, 1H), 1.42 (m, 11H); 13C-NMR δ: 79.2 (t), 72.8 (d), 
41.3 (d), 28.7 (t), 27.9 (t), 26.0 (t), 25,8 (t), 25.6 (t). 
 
 (E)-(2-Nitro-vinyl)-cyclohexane (3.18). According to general 
procedure A, 3.00 g (26 mmol) of cyclohexanecarboxaldehyde gave 
2.08 g (13 mmol, 52% yield) of 3.18 as a light yellow oil after column 
chromatography (pentane:ethyl acetate 20:1 Rf 0.8). Spectral data were 
in accordance with literature.11 
2-Hydroxy-3-nitro-propionic acid ethyl ester (3.28). 1H-NMR δ:4.75 
(d, J=4.4 Hz, 2H), 4.35 (m, 3H), 3.54 (br s, 1H), 1.28 (t, J=7.0 Hz, 3H); 
13C-NMR δ: 170.6 (s), 76.7 (d), 67.4 (t), 62.9 (t), 13.8 (q). 
 
(E)-3-Nitro-acrylic acid ethyl ester (3.29). Under a nitrogen 
atmosphere, nitromethane (25 ml) was added to a stirred solution of 
sodium methoxide (216 mg, 4.0 mmol) in methanol (45 ml) and cooled 
to 0 0C. After the addition of ethyl glyoxylate (10 ml of a 50% solution in toluene, 50 
mmol), the mixture was stirred for 1.5 h at room temperature. The mixture was neutralized 
with acetic acid and poured into water (80 ml) and extracted with 3 portions (40 ml) of 
diethyl ether. The combined organic layers were washed with sat. NaHCO3, dried over 
MgSO4 and concentrated to give the crude β-nitroalcohol, which was dehydrated according 
to general procedure A to give 4.45 g (30 mmol, 61% yield) of 3.29 as yellow crystals after 
column chromatography (pentane:ether 20:1 Rf 0.4). Spectral data were in accordance with 
literature.44 M.p. 26-27oC. 1H-NMR δ: 7.68 (d, J=9.0 Hz, 1H), 7.08 (d, J=9.0 Hz, 1H), 4.31 
(q, J=4.6 Hz, 2H), 1.33 (t, J=4.8 Hz, 3H); 13C-NMR δ: 162.5 (s), 148.9 (d), 127.6 (d), 62.4 
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General procedure B. Synthesis of nitropropene acetals 3.31-33. 
To a solution of 2.2 g (15 mmol) of 3.1 in 150 ml of diethylether 5 equiv (75 mmol) of diol 
and 5.6 ml (45 mmol) of BF3·Et2O were added and stirred at room temperature overnight. 
The reaction mixture was added to 100 ml of pentanes and washed twice with 100 ml of 
aqueous 1 M NaOH. The organic layer was washed with brine and dried over Na2SO4 and 
the solvents were removed under reduced pressure to yield the corresponding nitropropene 
acetal. 
(E)-4,4,5,5-Tetramethyl-2-(2-nitro-vinyl)-[1,3]dioxolane (3.31). 
According to general procedure B, 2.2 g (15 mmol) of 3.1 gave 1.8 g 
(9.1 mmol, 61% yield) of 3.31 as a colorless oil. 1H-NMR δ: 7.17 (d, 
J= 14.1 Hz, 1H), 7.09 (dd, J= 13.8, 3.9 Hz, 1H), 5.57 (d, J= 3 Hz, 
1H), 1.20 (d, J= 6.6 Hz, 12H); 13C-NMR δ: 141.1 (d), 138.0 (d), 95.2 (d), 83.3 (s), 23.4 (q), 
21.7 (q). HRMS calcd45 for C9H14NO4 200.092 found 200.092. Anal. calcd for C9H15NO4 C 
53.72, H 7.51, N 6.96 found C 53.59, H 7.60, N 6.80. 
(E)-5,5-Dimethyl-2-(2-nitro-vinyl)-[1,3]dioxane (3.32). According 
to general procedure B, 2.1 g (14 mmol) of 3.1 gave 2.0 g (10 mmol, 
70% yield) of 3.32 as a colorless crystals. M.p. 41-43oC. 1H-NMR δ: 
7.23 (dd, J= 13.5, 1.5 Hz, 1H), 7.06 (dd, J= 13.5, 3 Hz, 1H), 5.12 (q, 
J= 1.5 Hz, 1H), 3.65 (dd, J= 49.8, 11.1 Hz, 4H), 1.18 (s, 3H), 0.75 (s, 3H); 13C-NMR δ: 
142.0 (d), 135.6 (d), 95.9 (d), 77.3 (t), 30.2 (s), 22.7 (q), 21.6 (q). HRMS calcd45 for 
C8H12NO4 186.076 found 186.075. Anal. calcd for C8H13NO4 C 51.33, H 7.00, N 7.48 
found C 51.37, H 7.08, N 7.42. 
(E)-2-(2-Nitro-vinyl)-5,5-diphenyl-[1,3]dioxane (3.33). According 
to general procedure B, 2.2 g (15 mmol) of 3.1 gave 0.5 g (1.5 
mmol, 10% yield) of 3.33 as a white solid. M.p. 133-135oC 1H-
NMR δ: 7.36 (m, 10H), 5.41 (d, J= 1.8 Hz, 1H), 4.80 (dd, J= 156.3, 
12.0 Hz, 4H); 13C-NMR δ: 143.6 (s), 142.7 (s), 142.1 (d), 135.1 (d), 
128.7 (d), 128.5 (d), 128.2 (d), 126.4 (d), 126.2 (d), 96.1 (d), 75.0 (t), 44.6 (s). HRMS calcd 
for C18H17NO4 311.115 found 311.116. Anal. calcd for C18H17NO4 C 69.44, H 5.50, N 4.50 
found C 69.90, H 5.50, N 4.43. 
General procedure C. Copper-phosphoramidite catalyzed ACA of dialkylzinc reagents to 
nitroalkenes.  
In a Schlenk tube 3.6 mg (0.01 mmol) of Cu(OTf)2 was flame-dried, and together with 0.02 
mmol of a phosphoramidite ligand dissolved in 2 ml of dry toluene. After 30 min of stirring 
at room temperature 1.0 mmol of the nitroalkene was added to the clear solution. The 
reaction mixture was cooled to -55 oC and 1.2 mmol of dialkylzinc reagent was added. The 
reaction mixture was stirred at -55 oC until complete conversion (GC) and then poured into 
a mixture of 10 ml of saturated aqueous NH4Cl and 10 ml of ethyl acetate. This mixture 
was rigorously stirred for 10 min. The aqueous layer was extracted twice with 40 ml of 
ethyl acetate and the combined organic layers were washed with brine and dried over 





















Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
When the course of the reaction (conversion and e.e.) was followed with chiral GC, 10 µl of 
n-tridecane was added as an internal standard and the initial sample was taken prior to 
cooling and the addition of the dialkylzinc reagent. During the reaction, samples of 0.1 ml 
were taken from the reaction mixture with a glass pipette and added to 1 ml of a rigorously 
stirred mixture of diethyl ether: saturated aqueous NH4Cl (1:1). After 10 min the organic 
layer was decanted, filtered over Na2SO4, and subjected to GC analysis. 
1,1-Dimethoxy-2-nitromethyl-butane (3.2). According to general 
procedure C, 147 mg (1.0 mmol) of 3.1 gave 138 mg (0.7 mmol, 78% 
yield) of 3.2 as a colorless oil after column chromatography 
(pentane:ethyl acetate 3:1 Rf 0.6). Spectral data were in accordance with 
literature.2 Enantiomer separation on a Chiraldex G-TA column, 50 m x 0.25 mm x 0.25 
µm, 130oC isothermic, 6.3 / 6.8 min (GC). 
1-Ethyl-2-nitro-cyclohexane (3.4). According to general procedure C, 127 
mg (1.0 mmol) of 3.3 gave 107 mg (0.7 mmol, 68% yield) of 3.4 as a 
colorless oil after column chromatography (pentane:diethyl ether 20:1 Rf 
0.8). Spectral data were in accordance with literature.2 Enantiomer separation 
on an Astec A-TA column, 30 m x 0.25 mm x 0.12 µm, 100oC isothermic, cis: 18.3 / 19.0 
min, trans 20.4 / 22.8 min (GC). 
3-Nitromethyl-octane (3.19). According to general procedure C, 
143 mg (1.0 mmol) of 3.17 gave 82 mg (0.5 mmol, 47% yield) of 
3.19 as a colorless oil after column chromatography (pentane:ethyl 
acetate 3:1 Rf 0.8). 1H-NMR δ: 4.30 (d, J= 7.2 Hz, 2H), 2.14 (m, 1H), 1.35 (m, 10H), 0.88 
(m, 6H); 13C-NMR δ: 79.2 (t), 38.7 (d), 31.7 (t), 30.6 (t), 25.8 (t), 23.8 (t), 22.4 (t), 13.9 (q), 
10.3 (q). HRMS calcd for C9H19NO2 173.141 found 173.142. Enantiomer separation on a 
Supleco B-dex 120 column, 30 m x 0.25 mm x 0.125 µm, 100oC isothermic, 48.4 / 49.4 
min (GC). 
(1-Nitromethyl-propyl)-cyclohexane (3.20). According to general 
procedure C, 155 mg (1.0 mmol) of 3.18 gave 112 mg (0.6 mmol, 61% 
yield) of 3.20 as a colorless after column chromatography (ethyl 
acetate:dichloromethane 1:1 Rf 0.8). Spectral data were in accordance 
with literature.2 Enantiomer separation on an Astec A-TA column, 30 m 
x 0.25 mm x 0.12 µm, 105oC isothermic, 57.7 / 59.7 min (GC). 
2-Nitromethyl-butyric acid ethyl ester (3.30). According to general 
procedure C, 73 mg (0.5 mmol) of 3.29 gave 51 mg (0.3 mmol, 58% 
yield) of 3.30 as a colorless oil after column chromatography 
(pentane:ethyl acetate 12:1 Rf 0.6). 1H-NMR δ: 4.77 (dd, J=9.6, 6.2 Hz, 
1H), 4.44 (dd, J=9.4, 3.4 Hz, 1H), 4.21 (q, J=4.6 Hz, 2H), 3.15 (m, 1H), 1.71 (m, 2H), 1.26 
(t, J=4.8 Hz, 3H), 0.97 (t, J=5.2 Hz, 3H); 13C-NMR δ: 172.0 (s), 74.8 (t), 61.2 (t), 44.1 (d), 
22.4 (t), 14.0 (q), 10.9 (q). Anal. calcd for C7H13NO4 C 47.99, H 7.48, N 8.00 found C 
47.71, H 7.51, N 7.92. Enantiomer separation on a Chiraldex G-TA column, 50 m x 0.25 

























(3.34). According to general procedure C, 201 mg (1.0 mmol) of 3.31 
gave 166 mg (0.7 mmol, 72% yield) of 3.34 as a colorless oil after 
column chromatography (penatene:ethyl acetate 20:1 Rf 0.5). 1H-
NMR δ: 5.00 (d, J= 7.8 Hz, 1H), 4.59 (dd, J= 19.2, 9.6 Hz, 1H), 4.32 
(dd, J= 19.2, 10.2 Hz, 1H),2.39 (m, 1H), 1.64 (m, 1H), 1.42 (m, 2H) 
1.16 (s, 12H), 0.97 (t, J= 7.6 Hz, 3H); 13C-NMR δ: 99.8 (d), 82.1 (s), 75.0 (t), 43.4 (d), 24.3 
(q), 24.1 (q), 22.2 (q), 22.1 (q), 20.9 (t) 10.9 (q). HRMS calcd45 for C11H20NO4 230.139 
found 230.139. Anal. calcd for C11H21NO4 C 57.12, H 9.15, N 6.06 found C 57.13, H 9.12, 
N 5.93. Enantiomer separation on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 
110oC isothermic, 35.7 / 36.5 min (GC). 
5,5-Dimethyl-2-(1-nitromethyl-propyl)-[1,3]dioxane (3.35). 
According to general procedure C, 187 mg (1.0 mmol) of 3.32 gave 
170 mg (0.8 mmol, 78% yield) of 3.35 as a colorless oil after column 
chromatography (pentane:diethyl ether 40:1 Rf 0.3). 1H-NMR δ: 4.74 
(dd, J= 13.0, 5.8 Hz, 1H), 4.52 (d, J= 3.2 Hz, 1H), 4.35 (dd, J= 13.2, 
7.4 Hz, 1H), 3.61 (d, J= 11.0 Hz, 2H), 3.42 (dd, J= 11.0, 4.4 Hz, 2H), 2.46 (m, 1H), 1.57 
(m, 3H) 1.12 (s, 3H), 0.95 (t, J= 7.6 Hz, 3H), 0.70 (s, 3H); 13C-NMR δ: 100.5 (d), 77.1 (t), 
75 (t), 43.2 (d), 30.1 (s), 22.8 (q), 21.7 (q) 20.6 (t), 11.2 (q). HRMS calcd45 for C10H10NO4 
216.123 found 216.122. Anal. calcd for C10H19NO4 C 55.28, H 8.81, N 6.45 found C 55.19, 
H 8.78, N 6.27. Enantiomer separation on a Chiraldex G-TA column, 30m x 0.25 mm x 
0.25 µm, 130oC isothermic, 17.8 / 18.1 min (GC). 
2-(1-Nitromethyl-propyl)-5,5-diphenyl-[1,3]dioxane (3.36). 
According to general procedure C, 311 mg (1.0 mmol) of 3.33 gave 
246 mg (0.7 mmol, 72% yield) of 3.36 as a white solid after column 
chromatography (pentane:diethyl ether 40:1 Rf 0.2). M.p. 114-
117oC. 1H-NMR δ: 7.37 (m, 8H), 7.18 (m, 2H), 4.81 (d, J= 3.0 Hz, 
1H), 4.76 (m, 2H), 4.51 (dd, J= 13.2, 5.0 Hz, 1H), 4.20 (m, 3H), 
2.51 (m, 1H), 1.55 (m, 3H), 0.94 (t, J= 7.6 Hz, 3H); 13C-NMR δ: 143.8 (s), 143.0 (s), 128.6 
(d), 128.2 (d), 127.0 (d), 126.3 (d), 126.2 (d), 100.6 (d), 75.0 (t), 74.8 (t), 74.6 (t), 43.1 (d), 
20.6 (t), 11.2 (q). HRMS calcd for C20H23NO4 341.162 found 341.161. Anal. calcd for 
C20H23NO4 C 70.36, H 6.79, N 4.10 found C 70.26, H 6.76, N 4.08. Enantiomer separation 
on a Chiralpak OD column, heptanes/isopropanol 9/1, 254 nm, 8.3 / 9.4 min (HPLC). 
1,1-Dimethoxy-2-methyl-3-nitro-propane (3.38). According to 
general procedure C, 2.9 g (20 mmol) of 3.1 gave 2.9 g (18 mmol, 90% 
yield) of 3.38 as a colorless oil after column chromatography 
(pentane:diethyl ether 40:1 Rf 0.2). 1H-NMR δ: 4.56 (dd, J= 12.4, 5.4 
Hz, 1H), 4.25 (m, 2H), 3.38 (s, 3H), 3.34 (s, 3H), 2.66 (m, 1H), 1.03 (d, 
J= 10.5 Hz, 3H); 13C-NMR δ: 106.2 (d), 77.4 (t), 55.7 (q), 54.4 (q), 35.7 (t), 12.7 (q). 
HRMS calcd45 for C6H12NO4 162.076 found 162.077. Anal. calcd for C6H12NO4 C 44.16, H 
8.03, N 8.58 found C 43.85, H 7.98, N 8.28. Enantiomer separation on a Chiraldex G-TA 
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configuration was assigned by converting 3.38 to 3.45 and comparison of optical rotatory 
values (vide infra). 
5,5-Dimethyl-2-(1-methyl-2-nitro-ethyl)-[1,3]dioxane (3.39). 
According to general procedure C, 187 mg (1.0 mmol) of 3.32 gave 
118 mg (0.6 mmol, 58% yield) of 3.39 as a colorless oil after column 
chromatography (pentane:diethyl ether 40:1 Rf 0.2). 1H-NMR δ: 4.70 
(dd, J= 12.8, 5.4 Hz, 1H), 4.40 (d, J= 3.8 Hz, 1H), 4.30 (dd, J= 12.4, 
8.4 Hz, 1H), 3.62 (m, 2H), 3.42 (m, 2H), 2.66 (m, 1H) 1.56 (s, 3H), 1.07 (d, J= 7.0 Hz, 3H), 
0.70 (s, 3H); 13C-NMR δ: 101.9 (d), 77.6 (t), 77.2 (t), 37.1 (d), 30.3 (s), 23.0 (q), 21.8 (q), 
12.8 (q). HRMS calcd45 for C9H16NO4 202.107 found 202.107. Anal. calcd for C9H17NO4 C 
53.19, H 8.43, N 6.89 found C 53.29, H 8.49, N 6.95. Enantiomer separation on a Chiraldex 
G-TA column, 30m x 0.25 mm x 0.25 µm, 105oC isothermic, 41.9 / 42.5 min (GC). 
1,1-Dimethoxy-2-nitromethyl-hexane (3.40). According to general 
procedure C, 147 mg (1.0 mmol) of 3.1 gave 153 mg (0.8 mmol, 75% 
yield) of 3.40 as a colorless oil after column chromatography 
(pentane:diethyl ether 40:1 Rf 0.2). 1H-NMR δ: 4.57 (dd, J= 13.0, 6.2 
Hz, 1H), 4.27 (m, 2H), 3.39 (s, 3H), 3.36 (s, 3H), 2.52 (m, 1H), 1.29 (m, 
6H), 0.88 (t, J= 4.8 Hz, 3H); 13C-NMR δ: 105.6 (d), 75.4 (t), 56.0 (q), 54.8 (q), 40.6 (d), 
28.7 (t), 27.2 (t), 22.6 (t), 13.8 (q). HRMS calcd45 for C9H18NO4 204.123 found 204.122. 
Enantiomer separation on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, initial 
temp 140oC, initial time 4 min, rate 10oC/min, final temp 150oC, 6.3 / 6.6 min (GC). 
1,1-Dimethoxy-3-methyl-2-nitromethyl-butane (3.41). According to 
general procedure C, 147 mg (1.0 mmol) of 3.1 gave 154 mg (0.8 
mmol, 81% yield) of 3.41 as a colorless oil after column 
chromatography (pentane:diethyl ether 20:1 Rf 0.3). 1H-NMR δ: 4.54 
(dd, J= 12.4, 5.4 Hz, 1H), 4.30 (m, 2H), 3.35 (s, 3H), 3.34 (s, 3H), 2.52 
(m, 1H), 1.90 (m, 1H), 0.92 (m, 6H); 13C-NMR δ: 105.0 (d), 73.5 (t), 55.4 (q), 54.1 (q), 
45.6 (d), 26.8 (d), 20.2 (q), 18.9 (q). MS(CI) 209 (M+NH4+). Enantiomer separation on a 
Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 130oC isothermic, 7.3 / 8.0 min (GC). 
9,9-Dimethoxy-8-nitromethyl-nonanoic acid methyl ester (3.42). 
According to general procedure C, 147 mg (1.0 mmol) of 3.1 gave 216 
mg (0.7 mmol, 74% yield) of 3.42 as a colorless oil after column 
chromatography (pentane:ethyl acetate 2:1 Rf 0.6). 1H-NMR δ: 4.56 (dd, 
J= 12.9, 6.3 Hz, 1H), 4.29 (m, 2H), 3.64 (s, 3H), 3.36 (s, 3H), 3.33 (s, 
3H), 2.50 (m, 1H), 2.28 (t, J= 7.0 Hz, 2H), 1.59 (m, 3H), 1.29 (m, 7H) 
ppm; 13C-NMR δ: 174.1 (s), 105.6 (d), 75.5 (t), 56.0 (q), 54.9 (q), 51.4 (q), 40.7 (d), 33.9 
(t), 29.2 (t), 28.8 (t), 27.5 (t), 26.4 (t), 24.7 (t). MS(CI) 309 (M+NH4+). Enantiomer 
separation on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 130oC isothermic, 
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(3,3-Dimethoxy-2-methyl-propyl)-carbamic acid tert-butyl 
ester (3.43). A 1 ml Raney® 2800 nickel suspension (pore size 50 
µ, surface area 80-100m2/g) was washed 3 times with 3 ml of 
abs. EtOH and then a solution of 326 mg (2.0 mmol) of (R)-3.38 
in 3 ml of abs. EtOH was added. The mixture was hydrogenated 
with 20 bar of H2 pressure for 30 min, and then filtered over Celite with 10 ml of abs. 
EtOH. 235 µl (1.7 mmol) of Et3N and 370 mg (1.7 mmol) of Boc2O were added and the 
reaction mixture was stirred for 5 min at room temperature. The solvent was removed under 
reduced pressure and the product was purified with column chromatography 
(pentane:diethyl ether 3:2, Rf 0.6) to give 297 mg (1.2 mmol, 64% yield) of 3.43 as a 
colorless oil. 1H-NMR δ: 4.97 (br s, 1H), 4.10 (d, J= 6.2 Hz, 1H), 3.37 (d, J= 8.0 Hz, 6H), 
3.11 (t, J= 5.6 Hz, 2H), 1.93 (m, 1H), 1.42 (s, 9H), 0.92 (d, J= 6.8 Hz, 3H); 13C-NMR δ: 
156.0 (s), 108.3 (d), 55.0 (q), 53.6 (q), 42.6 (t) 36.1 (d), 28.4 (q), 13.2 (q). MS(CI) 234 
(M+H+). Enantiomeric excess was determined by oxidizing 3.43 to 3.46 (vide infra). 
(2-Methyl-3-oxo-propyl)-carbamic acid tert-butyl ester (3.44). To 
a solution of 291 mg (1.2 mmol) of 3.43 in 50 ml acetone was added 
50 µl (2.7 mmol) of H2O and 50 mg of Amberlyst-15. The reaction 
mixture was stirred at room temperature overnight, filtered and the 
solvents were removed under reduced pressure to yield 208 mg (1.1 mmol, 89% yield) of 
3.44 as a colorless oil. 1H-NMR δ: 9.64 (s, 1H), 4.88 (br s, 1H), 3.34 (t, J= 5.6 Hz, 2H), 
2.64 (m, 1H), 1.39 (s, 9H), 1.11 (d, J= 7.2 Hz, 3H); 13C-NMR δ: 203.9 (s), 155.9 (s), 79.4 
(s), 47.1 (d), 40,5 (t), 28.2 (q), 11.2 (q). Aldehyde 3.44 decomposes slowly upon standing 
and is therefore converted to 3.45, also to enable determination of enantiomeric excess 
(vide infra). 
 (3-Hydroxy-2-methyl-propyl)-carbamic acid tert-butyl ester 
(3.45). To a cooled solution of 200 mg (1.1 mmol) of 3.44 in 20 ml of 
abs. EtOH was added 40 mg (1.1 mmol) of NaBH4 at 0oC. After 1h 
the reaction mixture was added to 10 ml of saturated aqueous NH4Cl 
and extracted 3 times with 50 ml of ethyl acetate. The combined organic layers were dried 
with brine and over Na2SO4, the solvents were removed under reduced pressure to yield 
208 mg (1.1 mmol, 91% yield) of 5 as a colorless oil. Spectral data were in accordance with 
literature.46 [α]D= -12.5° (c = 2.00, CHCl3), lit.46 [α]D= -12.9° (c = 1.93, CHCl3). 
Enantiomeric excess was determined by derivatizing 3.45 to 3.46 using the same method 
described for the oxidation of 3.43 to 3.46 (vide infra). 
3-tert-Butoxycarbonylamino-2-methyl-propionic acid (3.46). 
To a cooled solution of 257 mg (1.1 mmol) of 3.43 in 10 ml of 
acetonitrile and 75 µl (4.1 mmol) of H2O, 4 ml of a freshly 
prepared 0.5 M solution of H5IO6 and 1% CrO3 in acetonitrile was 
added at 0oC. After 30 min 25 ml of cooled 1M aqueous HCl was added and the reaction 
mixture was extracted 3 times with 50 ml of ethyl acetate. The combined organic layers 
were dried with brine and over Na2SO4, the solvents were removed under reduced pressure 



























Conjugate additions of dialkylzincs to aliphatic nitroalkenes 
20 ml of pentanes were added which gave 185 mg (0.9 mmol, 82% yield) of 3.46 as white 
crystals after standing in the freezer overnight. M.p. 87-90oC, lit19 81-83oC. Spectral data 
were in accordance with literature.19 Enantiomeric excess was determined by derivatizing 
3.46 to the corresponding methyl ester using TMSCHN2, enantiomer separation on a CP-
Chirasil-Dex CB column, 25m x 0.25 mm x 0.25 µm, 140oC isothermic, 10.8 / 11.4 min 
(GC). 
7,7-Dimethoxy-6-methyl-5-nitro-4-phenyl-heptan-2-one (3.53). To 
a solution of 163 mg (1.0 mmol) of (R)-3.38 and 146 mg (1.0 mmol) 
benzylidene acetone in 2 ml of acetonitrile was added 152 mg (1.0 
mmol) of DBU. After 7 days the reaction mixture was poured into a 
mixture of 30 ml of saturated aqueous NH4Cl and 30 ml of ethyl 
acetate and extracted 3 times with 30 ml of ethyl acetate. The combined organic layers were 
washed with brine and dried over Na2SO4, concentrated and purified with column 
chromatography (pentane:diethyl ether 1:1 Rf 0.6) to give 185 mg (0.6 mmol, 60% yield, 
3:2:1:1 mixture of diastereomers) of 3.53 as a colorless oil. A subsequent column 
(pentane:diethyl ether 2:1 Rf 0.3) provided a pure diastereomer with the following spectral 
data. 1H-NMR δ: 7.25 (m, 5H), 5.14 (dd, J=10.6, 3.6 Hz, 1H), 4.14 (d, J=7.4 Hz, 1H), 3.89 
(m, 1H), 3.45 (s, 3H), 3.39 (s, 3H), 2.81 (m, 2H), 2.20 (m, 1H), 1.97 (s, 3H), 1.07 (d, J=7.2 
Hz, 3H); 13C-NMR δ: 205.2 (s), 138.9 (s), 128.7 (d), 128.1 (d), 127.7 (d), 105.8 (d), 91.5 
(d), 56.1 (q), 54.2 (q), 45.9 (t), 41.0 (d), 37.6 (d), 30.8 (q), 9.2 (q). Enantiomer separation 
on a Chiralpak OD column, heptanes/isopropanol 98/2, 254nm, 16.5 / 36.1 min (HPLC). 
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Conjugate additions of dialkylzincs to aliphatic nitroalkenes 




















































   
 
   
 







Asymmetric conjugate addition of 
phenylboronic acid to nitroalkenes 
4.1   Introduction 
The asymmetric conjugate addition (ACA) of dialkylzinc reagents, catalyzed by a copper-
phosphoramidite complex, is an effective tool for the enantioselective construction of C-C 
bonds, as shown in the preceding chapters. It has a broad scope with respect to substrates 
and dialkylzinc reagents that can be used. In contrast, the ACA of diarylzinc reagents, has 
received far less attention.1-3 However, Diego Peña in our group recently demonstrated that 
excellent enantioselectivity can be obtained in the ACA of diphenylzinc with a copper-
















Scheme 4.1 Copper-catalyzed ACA of diphenylzinc. 
A more established method for the enantioselective introduction of aryl groups is the 
rhodium-BINAP catalyzed ACA of arylboronic acids introduced in 1998 by Miyaura and 














Scheme 4.2 Rhodium-catalyzed ACA of phenylboronic acid. 
In Chapter 3 the catalytic enantioselective synthesis of a β2-amino acid and its derivatives is 
described, based on the ACA of a dialkylzinc reagent to nitroalkene 4.3. Our goal was to 
increase the scope of this route by the synthesis of β2-amino acids with aromatic 
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rhodium-catalyzed ACA of arylboronic acid was investigated as a way to synthesize β2-




















Scheme 4.3 Proposed route to β2-amino acids with aromatic substituents. 
4.2   Earlier work 
The rhodium-BINAP catalyzed ACA of aryl- and alkenylboronic acids is a highly 
convenient method for the formation of an sp2-sp3 C-C bond and the simultaneous 
introduction of a new stereogenic center.7 Due to its high enantioselectivity for a wide 
range of substrates and arylboronic acids it is currently the most frequently applied method 
for the enantioselective conjugate addition of aryl groups. An overview of the different 
classes of substrates that have been successfully employed, including the e.e. values for the 
corresponding arylated products, is given in Scheme 4.4. A more detailed overview can be 
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Scheme 4.4 Overview of linear substrates used in the rhodium-catalyzed ACA of 
arylboronic acids. 
In contrast to the wide variety of substrates and organoboron compounds that are used, 
BINAP is almost exclusively employed as the chiral ligand. Although modified versions of 
this ligand can give rise to higher e.e. values,9,10 they are rarely used due to their difficult 
synthesis. The facile and modular synthesis of the monodentate phosphoramidites prompted 
our group to investigate their application as chiral ligands for the rhodium-catalyzed ACA 
of arylboronic acids. Roos Imbos and Jean-Guy Boiteau have found that phosphoramidites 
are extremely effective ligands for the rhodium-catalyzed ACA of arylboronic acids to 
cyclic enones.11-13 The e.e. values are similar to those obtained with BINAP, while the 
reaction rate is greatly enhanced. The use of phosphoramidite L2 leads to >95% e.e. in the 

























R =   H 98% e.e.
    2-F 95% e.e.
3-OMe 98% e.e.
3-Me 96% e.e.
4-Me 98% e.e.  
Scheme 4.5 Rhodium-phosphoramidite catalyzed ACA of arylboronic acids. 
These results are even more impressive when the relatively harsh reaction conditions are 
taken into account. Phosphoramidite ligands rapidly hydrolyze in acidic media, but it was 
found that the rhodium-phosphoramidite complex is very stable in these media.11 The need 
for water and the relatively high reaction temperature can be explained by the mechanism 
of the rhodium-catalyzed ACA (Scheme 4.6), which has been thoroughly investigated for 




























Scheme 4.6 Proposed catalytic cycle for the rhodium-phosphoramidite catalyzed ACA. 
The high temperature is needed to displace the acetylacetonate (acac) and to generate the 
catalytically active hydroxorhodium species (A). A subsequent transmetalation of the 
phenyl group from boron to rhodium leads to the formation of a phenylrhodium complex 
and B(OH)3 (B). Coordination of the substrate (C) is followed by the enantioselective 
insertion of 4.1 into the phenyl-rhodium bond, giving an oxa-π-allyl species (D). 
Hydrolysis of this species gives the desired phenylated product 4.2 and regenerates the 
catalytically active hydroxorhodium species (E). Water acts as a proton donor and 
facilitates the transmetalation, and is therefore essential in order to complete the catalytic 
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is hydrolysis of phenylboronic acid to benzene (F). The arylboronic acid is therefore added 
in excess (3-5 eq.) compared to the enone. 
Two other types of chiral ligands that have been successfully applied in rhodium-catalyzed 
ACA of phenylboronic acid to cyclohexenone are diphosphonite 4.11 by Reetz,15 and 










4.11 99% e.e.  
Figure 4.1 Other ligands used for the ACA of arylboronic acids. 
4.3   Conjugate additions to aliphatic nitroalkenes 
Combining the results obtained in the copper-catalyzed ACA of dialkylzinc reagents to 
nitroalkenes (Chapter 3) and those shown in Scheme 4.1, led to the use of nitropropene 



























Scheme 4.7 ACA of diphenylzinc to aliphatic nitroalkenes. 
Although the nitroalkenes are completely converted to the corresponding phenylated 
products, the reactions are rather slow (17 h), the e.e. values are low (11-26%), and 
biphenyl is formed as a byproduct. The absence of an uncatalyzed reaction leaves little 
room for improvement by changing the conditions, although a different ligand might be 
able to do so. In addition to this, the limited availability of diarylzinc reagents can be seen 
as a drawback. Therefore we decided to explore the rhodium-catalyzed ACA of 
phenylboronic acid as a way to obtain these products. Hayashi has also used nitroalkenes as 































4.16  73% e.e.
20% d.e.
4.17  98% e.e.
62% d.e.
4.20  63% e.e. 4.21  99% e.e.
4.18  91% e.e.
66% d.e.
4.19  97% e.e.
27% d.e.  
Scheme 4.8 Rhodium-BINAP catalyzed ACA of phenylboronic acid to nitroalkenes. 
High enantioselectivities are found when α-substituted nitroalkenes are used as substrates, 
although the diastereoselectivity is much lower (4.16-4.19). The formation of diastereomers 
can be avoided with the use of nitroalkenes which lack α-substituents, but the 
enantioselectivity (63% for 4.20) or the yield (5% for 4.21) is much lower is those cases. 
Similar observations were made in our case as the ACA of phenylboronic acid to 
nitroalkenes 4.3 and 4.13 resulted in moderate conversions and low e.e. values with a 



























4.14  75% conv.
14% e.e.
4.15  46% conv.
13% e.e.  
Scheme 4.9 Rhodium-phosphoramidite catalyzed ACA of phenylboronic acid to 
nitroalkenes. 
The moderate conversion might be explained by hydrolysis of the acetal or ester moiety, or 
by decomposition of the catalyst during the reaction. In order to prevent this, different 
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entry “PhB” temp. cosolv. additive time (min) conv. (%)a e.e. (%)a 
1 PhB(OH)2 100°C H2O - 180 75 14 
2 PhB(OH)2 100°C MeOH - 30 100 14 
3 PhB(OH)2 50°C MeOH - 180 0 -b 
4 PhB(OH)2 50°C MeOH Et3N 180 100 1 
5 PhB(OH)2 50°C MeOH DBU 30 100 -b 
6 (PhBO)3 100°C H2O - 180 59 10 
7 (PhBO)3 100°C MeOH - 30 100 14 
aDetermined by chiral GC, bno product observed. 
Replacing water (entry 1) by methanol (entry 2) as a proton source had a beneficial effect 
upon the reaction. Complete conversion was obtained within 30 min, although the 
enantioselectivity did not improve. The e.e. might be increased by lowering the reaction 
temperature to 50°C, but this probably prevents the dissociation of the acetylacetonate as no 
conversion was observed (entry 3). From the work of Miyaura it is known that the addition 
of bases can facilitate this process at lower temperatures,19 and therefore Et3N and DBU 
were added to the reaction mixture at 50°C. Although the reaction does proceed to 
complete conversion, the addition of Et3N has a detrimental effect upon the 
enantioselectivity (entry 4) whereas DBU is incompatible with 4.3 (entry 5). Phenylboronic 
acid is most often used as the organoboron reagent for the rhodium-catalyzed ACA, but 
















Scheme 4.10 Equilibrium between phenylboronic acid and phenylboroxine. 
Hayashi has demonstrated that in-situ formation of phenylboronic acid through the use of 
phenylboroxine and 1 equivalent of water with respect to boron, rather than the use of 
phenylboronic acid itself, can lead to higher e.e. values.10 In our case the use of 
phenylboroxine gives almost identical results compared to phenylboronic acid (entries 6,7). 
Under these optimized conditions three other phosphoramidites were tested as chiral 







































100% conv. 14% e.e.
(S)-L5
34% conv. 6% e.e.
(S,R,R)-L1
22% conv. 13% e.e.
(S)-BINAP
64% conv. 4% e.e.  
Scheme 4.11 Ligand screening. 
Use of ligand L4 leads to results comparable to L3, whereas ligands with more bulky amine 
substituents like L5 and L1 lead to lower conversions and e.e. values. As already 
mentioned by Hayashi, BINAP is not a suitable ligand (4% e.e.) for the ACA of 
phenylboronic acids to nitroalkenes which lack α-substituents. Although the use of 
phosphoramidites as chiral ligands leads to better results, the obtained e.e. values are not 
sufficient for applications like the enantioselective synthesis of β2-amino acids. Therefore 
we decided to focus on the use of aromatic nitroalkenes as substrates. 
4.4   Conjugate additions to aromatic nitroalkenes 
The ACA of an arylboronic acid to a nitrostyrene leads to the formation of a benzhydrylic 














Scheme 4.12 Formation of a benzhydrylic stereocenter. 
To our delight the reaction of phenylboronic acid with 4-methylnitrostyrene (4.23) resulted 
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In contrast to nitroalkenes 4.3 and 4.13, the standard reaction conditions (dioxane/water 
10/1, 100°C) for the rhodium-catalyzed ACA are compatible with nitrostyrene 4.23. Under 
these conditions a comprehensive set of phosphoramidite ligands was tested (Table 4.2) 
















































































































Asymmetric conjugate addition of phenylboronic acid to nitroalkenes 
For all reactions the conversion as well as the e.e. were measured every 30 min over a 
period of 3 h (Table 4.3). 












L time  conv.a e.e.a L time  conv.a e.e.a 
(S,R,R)-L1 180 min 0% - (S,R)-L12 180 min 83% 19% 
(S)-L2 90 min 100% 44% (S)-L13 30 min 100% 20% 
(S)-L3 30 min 100% 44% (S)-L14 30 min 100% 31% 
(S)-L4 30 min 100% 48% (S)-L15 30 min 100% 29% 
(S)-L5 180 min 0% - (S)-L16 30 min 100% 40% 
(S)-L6 180 min 0% - (S)-L17 30 min 100% 34% 
(R,R)-L7 180 min 0% - (S)-L18 30 min 100% 45% 
(S,S)-L8 30 min 100% 5% (S)-L19 180 min 49% 9% 
(S,S,S)-L9 180 min 22% 42% (S)-L20 180 min 86% 0% 
(S)-L10 180 min 54% 15% (S)-L21 30 min 100% 38% 
(S,R)-L11 180 min 69% 14% (S)-BINAP 180 min 40% 11% 
aDetermined by chiral GC. 
From these data it follows that phosphoramidite ligands with bulky substituents at the 
amine moiety give rise to inactive catalysts (L1, L5, L7). Ligand L6 is probably not stable 
under these conditions, even in the form of a rhodium complex. Replacing the BINOL as 
the diol moiety by catechol (L8, L10) or biphenol (L17) leads to lower e.e. values. The 
introduction of substituents at the 3 and 3’ positions  of the BINOL lead to a sharp decrease 
in activity and selectivity (L19, L20). Phosphoramidite ligands based on BINOL and 
amines with unbranched alkyl substituents (L2-4, L13-16, L18 and L21) display the 
highest activity and selectivity. Complete conversion is obtained within 30 min and the e.e. 
values are generally around 45%. Phosphoramidites can compete favorably with BINAP as 
chiral ligands for this reaction, due to their higher activity and selectivity. It proved to be 
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Consequently the conditions were modified, using the catalyst based on (S)-L3, in order to 
improve the enantioselectivity (Table 4.4). 







dioxane/cosolvent 10/14.23 4.24  
entry “PhB”a temp. cosolv. additive time (min) conv. (%)b e.e. (%)b 
1 PhB(OH)2 100°C H2O - <5 100 44 
2 PhB(OH)2 100°C MeOH - 30 100 42 
3 PhB(OH)2 60°C H2O - 30 100 44 
4 PhB(OH)2 50°C H2O - 120 100 39 
5 PhB(OH)2 r.t. H2O - 180 27 54 
6 PhB(OH)2 r.t. H2O KOH 180 97 -c 
7 PhB(OH)2 r.t. H2O Et3N 420 95 50 
8 (PhBO)3 60°C H2O - 30 100 35 
9 (PhBO)3 60°C - H2O 90 100 46 
10 PhB(OH)2 100°C H2O - <5 100 32d 
11 PhB(OH)2 50°C H2O - 120 100 37d 
a4 equivalents, bdetermined by chiral GC, cno product observed, dnew batch of Rh(acac)(eth)2. 
At 100°C the reaction is very fast, giving complete conversion within 5 min (entry 1). 
Water can be replaced by methanol without any problems, although neither a higher 
reaction rate nor e.e. are observed (entry 2). The e.e. can be raised by lowering the 
temperature, at the expense of the reaction rate (entries 3-5). As in the case of aliphatic 
nitroalkene 4.3 (Table 4.1), some bases are incompatible with the substrate (entry 6), 
whereas others increase the rate of the reaction (entry 7). The use of phenylboroxine as the 
organoboron compound leads to a lower e.e. when water is used as a cosolvent (entry 8), 
but gives slightly better results when only 1 equivalent of H2O per boron is added (entry 9). 
The e.e. obtained at 50°C is somewhat lower than would be expected (entry 4), and when 
some of the experiments were repeated the obtained e.e. values were found to be lower. 
After a careful analysis of all the reagents and solvents it turned out that the rhodium 
precursor was responsible for this effect. A new batch of Rh(acac)(eth)2 unfortunately led 
to even lower e.e. values for this reaction (entries 10,11), whereas it gave reproducible 
results for the reactions shown in scheme 4.5. Although phosphoramidites are good ligands 
for the rhodium-catalyzed ACA of arylboronic acids to nitroalkenes, the combination of 











Asymmetric conjugate addition of phenylboronic acid to nitroalkenes 
4.5   Further developments 
Shortly after the publication of the results from our group,12,13 the group of Miyaura 
demonstrated that phosphoramidite ligand L14 is also an efficient ligand for the rhodium-











R =   H 99% e.e.
    3-Cl 99% e.e.
3-OMe 98% e.e.
 
Scheme 4.14 Rhodium-phosphoramidite catalyzed ACA of arylboronic acids. 
In a completely different, but very elegant, approach the group of Hayashi employed chiral 
diene 4.25 as a chiral ligand for the rhodium-catalyzed ACA of arylboronic acids to cyclic 














Scheme 4.15 A chiral chelating diene as a ligand. 
4.6   Conclusions 
The ACA of aryl groups to nitroalkenes can be carried out in two different ways. The 
copper-phosphoramidite catalyzed ACA makes use of diphenylzinc as the organometallic 
reagent. In contrast to high enantioselectivities in the case of dialkylzinc reagents, the 
obtained e.e. values (up to 26%) for the arylated products of aliphatic nitroalkenes are 
rather low. This prevents an efficient enantioselective synthesis of β2-amino compounds 
with aromatic substituents. The same holds for the other method, i.e. the rhodium-
phosphoramidite catalyzed ACA of phenylboronic acid. Although the replacement of water 
by methanol led to complete conversion of the aliphatic nitroalkene to the arylated 
nitroalkane, the e.e. value remained low (14%) in a screening of different phosphoramidite 
ligands. Aromatic nitroalkenes are far better substrates for the rhodium-phosphoramidite 
catalyzed ACA of phenylboronic acid, and afford products with a benzhydrylic 
stereocenter. At 100°C 4-methyl-nitrostyrene (4.23) is completely converted to the desired 
product (4.24) within 5 min. The rhodium-phosphoramidite catalyst based on L3 
(MonoPhos) gives an e.e. value of 44% for 4.24, which could be improved to 48% by the 
screening of 21 different phosphoramidite ligands. The most effective ligands are those 
with a small (achiral) amine moiety, which is in sharp contrast to bulky (chiral) amine 
moiety needed in the copper-catalyzed ACA (Chapter 3). The fast reaction allowed a 
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which is a good result for a nitroalkene that lacks α-substituents. However, the obtained e.e. 
values of this reaction are highly dependent on the batch of the rhodium precursor, possibly 
due to impurities remaining from its synthesis. This makes the reaction irreproducible with 
respect to the enantioselectivity and limits the application of this reaction in the 
enantioselective synthesis of molecules with a benzhydrylic stereocenter. 
4.7   Experimental section 
General remarks. 
For general information see Chapter 2. Dioxane was distilled from sodium. Diphenylzinc 
and phenylboronic acid were purchased from Aldrich, stored at +6°C and used without 
purification. Nitroalkenes 4.3 and 4.13 were synthesized according to procedures described 
in Chapter 3. Rh(acac)(eth)2 was purchased from Strem and immediately stored in a 
Schlenk vessel under a nitrogen atmosphere at +6°C. Phosphoramidite ligands (L1,25 L4,26 
L5,25 L7,27 L9,28 L14,25 L15,29 L16,25 L18,26 L19,26 L2025) were synthesized according to 
literature procedures,12,30 which are discussed in detail in Chapter 7. Several 
phosphoramidite ligands were kindly provided by Jean-Guy Boiteau (L2,12 L12, L17,13 
L2113), DSM (L330), Rob Hoen (L8,31 L1032), Gerlof Kruidhof (L633) and Diego Peña 
(L11,34 L1334). Spectral data for ligands L1-11 and L13-21 can be found in the given 
references. 
O,O’-(S)-(1,1’-dinaphthyl-2.2’-diyl)-N-methyl-N’-(R)-1-phenylethylphosphoramidite 
((S,R)-L12). 1H-NMR δ: 8.03 (m, 4H), 7.57 (m, 13H), 4.88 (m, 
1H), 2.06 (d, J= 10 Hz, 3H), 1.62 (d, J= 6.8 Hz, 3H); 13C-NMR 
δ: 149.79 (d, J= 50 Hz), 141.70, 132.65 (d, J= 22 Hz), 130.95 (d, 
J= 60 Hz), 130.05 (d, J= 29 Hz), 128.25, 128.20 (d, J= 7 Hz), 
127.62, 127.04 (d, J= 22 Hz), 127.01, 126.00 (d, J= 4 Hz), 
124.60 (d, J= 20 Hz), 123.19 (d, J= 108 Hz), 121.91 (d, J= 19 
Hz), 55.43 (d, J= 41 Hz), 26.74, 17.95 (d, J = 8 Hz); 31P-NMR δ: 147.1. [α]D= +242° (c = 
1.01, CHCl3). HRMS calcd for C29H24NO2P 449.154 found 449.154.  
General procedure A. Copper-phosphoramidite catalyzed ACA of diphenylzinc to 
nitroalkenes. 
In a Schlenk tube 3.6 mg (0.01 mmol, 2 mol%) of Cu(OTf)2 was flame-dried, and together 
with 10.8 mg (0.02 mmol, 4 mol%) of (S,R,R)-L1 dissolved in 2 ml of dry toluene. After 30 
min of stirring at room temperature 0.5 mmol of nitroalkene was added to the clear 
solution. The reaction mixture was cooled to -40 oC and 197 mg (0.9 mmol) of 
diphenylzinc was added. The reaction mixture was stirred at -40 oC until complete 
conversion (GC) and then poured into a mixture of 10 ml of saturated aqueous NH4Cl and 
10 ml of ethyl acetate. This mixture was rigorously stirred for 10 min. The aqueous layer 
was extracted twice with 40 ml of ethyl acetate and the combined organic layers were 
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 (2,2-Dimethoxy-1-nitromethyl-ethyl)-benzene (4.14). According to 
general procedure A, 74 mg (0.5 mmol) of 4.3 gave 50 mg (0.2 mmol, 
44% yield) of 4.14 as a colorless oil after column chromatography 
(pentane:diethyl ether 3:1 Rf 0.5). 1H-NMR δ: 7.30 (m, 5H) 4.84 (dd, J= 
13.0, 5.7 Hz, 1H), 4.68 (dd, J= 13.2, 9.2 Hz, 1H), 4.47 (d, J= 4.8 Hz, 
1H), 3.81 (dt, J= 8.8, 5.4 Hz, 1H), 4.25 (m, 2H), 3.37 (s, 3H), 3.34 (s, 3H); 13C-NMR δ: 
135.9 (s), 128.7 (d), 128.4 (d), 127.8 (d), 106.3 (d), 76.0 (t), 56.0 (q), 55.0 (q), 47.4 (d). 
MS(CI) 243 (M+NH4+). Enantiomer separation on a CP Chiralsil CB column, 30m x 0.25 
mm, 120oC isothermic, 86.4 / 88.5 min (GC). Or Chiralpak OB-H column, 
heptanes/isopropanol 97/3, 210nm, 25.6 / 28.7 min (HPLC). 
3-Nitro-2-phenyl-propionic acid ethyl ester (4.15). According to 
general procedure A, 73 mg (0.5 mmol) of 4.13 gave 46 mg (0.2 mmol, 
41% yield) of 4.15 as a colorless oil after column chromatography 
(pentane:diethyl ether 6:1 Rf 0.4). 1H-NMR δ: 7.34 (m, 5H) 5.09 (dd, J= 
14.4, 9.8 Hz, 1H), 4.51 (m, 2H), 4.18 (m, 2H), 1.22 (t, J= 7.2 Hz, 3H); 13C-NMR δ: 170.5 
(s), 133.3 (s), 129.3 (d), 128.6 (d), 127.8 (d), 75.7 (t), 61.8 (t), 48.7 (d), 13.9 (q). HRMS 
calcd for C11H13NO4 223.084 found 223.085. Enantiomer separation on a Chiraldex G-TA 
column, 30m x 0.25 mm, 120oC isothermic, 15.8 / 16.2 min (GC). Or Chiralpak AS 
column, heptanes/isopropanol 9/1, 210nm, 6.2 / 7.6 min (HPLC). 
Phenylboroxine (4.22). According to a modified literature procedure.10 In a 
drying pistol 3g (25 mmol) of phenylboronic acid was heated overnight at 
145°C in vacuo to give 2.5g (8 mmol, 96% yield) of 4.22 as a white powder. 
Spectral data were in accordance with literature.10 
 
General procedure B. Rhodium-phosphoramidite catalyzed ACA of phenylboronic acid to 
nitroalkenes. 
In a Schlenk tube 2.58 mg (0.01 mmol, 2 mol%) of Rh(acac)(eth)2 and 0.025 mmol (5 
mol%) of phosphoramidite ligand were dissolved in 1 ml of anhydrous dioxane and stirred 
at room temperature for 15 min. 0.5 mmol of nitroalkene and 2.0 mmol of organoboron 
compound (4 equiv.) were added and the resulting mixture was stirred for 2 min. After the 
addition of 0.1 ml of water or methanol the mixture was degassed and stirred for 3 h at the 
indicated temperature. The reaction mixture was cooled to room temperature, quenched 
with saturated aqueous NaHCO3 and extracted three times with diethyl ether. The combined 
organic layers were washed with brine and dried over Na2SO4, concentrated and purified 
with column chromatography. 
When the course of the reaction (conversion and e.e.) was followed with chiral GC, 10 µl of 
n-tridecane was added as an internal standard and the initial sample was taken prior to the 
addition of the organoboron compound. During the reaction, aliquots of 0.1 ml were taken 
from the reaction mixture with a glass pipette and added to 1 ml of a stirred mixture of 
diethyl ether: saturated aqueous NaHCO3 (1:1). After a few minutes the organic layer was 
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 2-Phenyl-2-(4-methylphenyl)-nitroethane (4.24). According to 
general procedure B, 82 mg (0.5 mmol) of 4.23 gave 72 mg (0.3 
mmol, 60% yield) of 4.24 as a colorless oil after column 
chromatography (heptane:ethyl acetate 8:1 Rf 0.7). 1H-NMR δ: 7.30 
(m, 5H), 7.14 (s, 4H), 4.95 (m, 3H), 2.32 (s, 3H); 13C-NMR δ: 139.9 
(s), 137.2 (s), 136.1 (s), 129.6 (d) 128.9 (d), 127.5 (d), 127.4 (d), 79.2 (t), 48.5 (d), 20.9 (q). 
HRMS calcd for C15H15NO2 241.110 found 241.111. Enantiomer separation on a Chiralpak 
OJ column, heptanes/isopropanol 9/1, 210 nm, 14.1 / 18.3 min (HPLC). 
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The monodentate ligand combination 
approach 
5.1   Introduction 
The widespread preference for the use of chiral bidentate ligands over monodentate ones 
for enantioselective homogeneous catalysis is mainly due to historic reasons.1 Shortly after 
the pioneering experiments of Knowles and Sabacky,2,3 who employed monodentate 
phosphane 5.3 as a chiral ligand for the asymmetric hydrogenation of 5.1, Kagan and Dang 
















Scheme 5.1 Mono- versus bidentate phosphane in asymmetric hydrogenation. 
Due to the better results and the more facile synthesis of ligand 5.4 compared to 5.3, the use 
of (C2-symmetric)5 bidentate ligands became a conditio sine qua non for effective 
enantioselective hydrogenation and asymmetric catalysis in general. Although for some 
types of reactions, like the asymmetric conjugate addition, monodentates proved to be the 
ligands of choice.6 This reasoning eventually led to a large number of very successful 
bidentate chiral ligands such as DuPhos and BINAP (5.5).7,8 The paradigm changed when 
our group and others demonstrated that monodentate ligands like phosphoramidites (5.6),9 
phosphonites (5.7),10 and phosphites (5.8)11 gave comparable or even better results than 

















Scheme 5.2 Privileged chiral bidentate and monodentate ligands. 
As outlined in Chapter 1.6, the high levels of stereocontrol exerted by these ligands, 
combined with the facile synthesis and modular structure of monodentate ligands 5.6-5.8 
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monodentate ligands is the possibility to use two different monodentate ligands instead of 
one bidentate ligand for the formation of a chiral catalyst; the monodentate ligand 
combination approach. 
5.2   The monodentate ligand combination approach 
Transition metal based complexes for enantioselective homogeneous catalysis are generally 
formed by an in situ complexation of a chiral organic ligand with a metal precursor. In case 
of the copper- and rhodium-phosphoramidite catalysts employed in the asymmetric 
conjugate addition (ACA), two coordination sites are occupied by one bidentate or two 
monodentate phosphoramidite ligands whereas the two other coordination sites remain 
available for the substrate and reagent (Scheme 5.3). 







[M] = Cu(OTf)2  or






Scheme 5.3 Catalyst formation with bi- and monodentate phosphoramidite ligands. 
In the monodentate ligand combination approach, one equivalent each of two different 
chiral monodentate phosphoramidite ligands (*P1 and *P2) is used. This leads to the 
simultaneous formation of two homo-complexes, M(*P1)2 and M(*P2)2, and one hetero-













Scheme 5.4 The monodentate ligand combination approach. 
The hetero-complex represents a new catalyst, and if it shows higher activity and selectivity 
than the two homo-complexes simultaneously present in the reaction mixture, it will lead to 
better results of the reaction as a whole. It is important to note that this approach only leads 
to improved results when a more selective hetero-complex is also more active than the 
homo-complexes, or when only minor amounts of homo-complexes are formed. In the form 
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concentration of [C]tot) arises from an addition of the contributions by the three complexes; 
M(P1)2, M(P2)2 and M(P1P2) (Equation 5.1). As mentioned before, not only the activity of 
the complexes has to be taken into account, and also the relative amounts (mol fractions M) 
have an influence on the contribution of each complex. Next to the activity, the selectivity 
(kR/kS) follows from the overall rate constant k, which is the sum of kR and kS, the rate 








1 ][][][][ PPMtotPPMPMtotPMPMtotPMtotobsobs MCkMCkMCkCkV ⋅⋅+⋅⋅+⋅⋅=⋅=
Equation 5.1. 
The monodentate ligand combination approach is not only limited to the use of two chiral 
ligands, hetero-complexes arising from the combination of a chiral ligand (not only 
phosphoramidites) with an achiral ligand (e.g. PPh3) or with a ligands having dynamic 




chiral achiral chiral dynamic chirality
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Figure 5.1 Hetero-complexes of other ligand combinations 
This approach will benefit greatly from combinatorial screening methods, because a 
relatively small number of monodentate ligands gives rise to a large number of possible 
hetero-complexes (Figure 5.2). In a mathematical form, n monodentate ligands give rise to 
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Since the monodentate ligand combination approach is a new concept in asymmetric 
catalysis and it dramatically broadens the chiral space for the development of new catalysts, 
we were eager to apply it in asymmetric conjugate addition reactions. 
5.3   Earlier work  
Mixtures of ligands have been used before in the formation of chiral catalysts, but this has 
been limited to bidentate ligands. Examples include ruthenium catalyst 5.9 by the group of 

























Figure 5.3 Catalysts composed of two different bidentate ligands. 
These cases differ, however, with the monodentate ligand combination approach, because 
these complexes were specifically designed to exist only as the hetero-combination (5.10) 
or because their corresponding homo-complexes did not form or were catalytically inactive 
(5.9). Another approach, which also makes use of mixtures of chiral ligands, is the chiral 
























0% (R)-5.12, 6% yield, 0% e.e.
5% (R)-5.12, 52% yield, 90% e.e.
10% rac-5.11
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This chiral activation (or deactivation if the diastereomeric complex is less active) also 
differs from the monodentate ligand combination approach, because the former is based on 
diastereomeric interactions, whereas in the latter case there is a competition between three 
different (not diastereomeric) catalysts.  
The first true examples of the monodentate ligand combination approach were reported in 
the beginning of 2003 simultaneously by our group and the group of Reetz in asymmetric 
hydrogenation reactions.21,22 The e.e. value for β3-amino acid 5.14 is improved when a 
rhodium catalyst based on the combination of phosphoramidite ligands L1 and L2 is 


















Lx = Ly = L1  54% e.e.
Lx = Ly = L2  80% e.e.
Lx = L1, Ly = L2  91% e.e.
 
Scheme 5.6 Improved enantioselectivity with a combination of ligands. 
This first demonstration of the monodentate ligand combination approach for asymmetric 
hydrogenation proved to be quite general for a number of phosphoramidite ligands, various 
substrates, as well as for combinations of phosphonites and phosphites.21,22 Improved 
enantioselectivities for catalytic C-C bond formation by the monodentate ligand 
combination approach had, however, not been demonstrated. 
5.4   Copper-catalyzed asymmetric conjugate addition 
As a first example of an enantioselective C-C bond forming reaction, the copper-
phosphoramidite catalyzed ACA of diethylzinc to acyclic enones 5.15 and 5.16 was 
investigated (Scheme 5.7). 
2% Cu(OTf)2
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In a one-pot multi-substrate experiment (Chapter 2.4), benzylidene acetone (5.15) and 3-
nonen-2-one (5.16) were allowed to react with diethylzinc. The monodentate ligand 
combination approach was used for the formation of the copper-phosphoramidite catalysts 



























Figure 5.4 Phosphoramidite ligands used in the Cu-catalyzed ACA. 
The e.e. values obtained for 5.17 and 5.18 are shown in Table 5.1, where the homo-
combinations (Lx = Ly) of phosphoramidites can be found on the diagonal and the hetero-
combinations (Lx ≠ Ly) off-diagonal. In all cases complete conversion was reached. 
Table 5.1 E.e. values obtained with the monodentate ligand combination approach. 
 
   
   
 5.17  e.e. (%)a
OEt
   
OEt
5.18  e.e. (%)a  
  Ly        Ly     
  L3 L4 L5 L6 L7    L3 L4 L5 L6 L7 
Lx L3 80      Lx L3 67     
 L4 77 75      L4 -25 -47    
 L5 78 76 78     L5 -69 -67 -67   
 L6 69 65 73 55    L6 56 -28 -66 50  
 L7 65 65 67 55 56   L7 -62 -65 -68 -63 -67 
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The homo-complex based on phosphoramidite ligand L3 is the most effective catalyst for 
substrate 5.15, 5.17 was formed in 80% e.e. The other homo-combinations resulted in 
similar (78-75%) or lower (56-55%) e.e. values, all with the same absolute configuration 
(R) for the major enantiomer. Unfortunately, the combination of phosphoramidite ligands 
does not lead to improved e.e. values compared to the homo-combinations. The obtained 
e.e. values are close to the average of the two individual homo-complexes. This means that 
the hetero-complex, if it is formed at all, has a lower selectivity and/or activity than the 
homo-complexes also present in the solution. The situation for substrate 5.16 is slightly 
more complicated, because the catalysts based on homo-combinations of the ligands do not 
all lead to the same absolute configuration for the major enantiomer of 5.18. 
Phosphoramidite ligands L4, L5 and L7 give 5.18 with the S-configuration as the major 
enantiomer, while L3 and L6 give the R-configuration as the major enantiomer. However, 
the hetero-combinations of ligands do not perform better than the homo-combinations. It is 
also clear that the e.e. values obtained with hetero-combinations of ligands L5 and L7 
closely resemble the values for their corresponding homo-combinations. The homo-
complexes of L5 and L7 are more active (100% conv. in <30 min) than the homo-
complexes of the other ligands (100% conv. in ~60min). Therefore they might also be more 
active than the hetero-complexes that could be formed when the monodentate ligand 
combination approach is used, and therefore no improvement in e.e. values is found.  
The use of the other enantiomer of one of the phosphoramidite ligands in the hetero-
combination, leads to the formation of a hetero-complex that is a diastereomer of the 
original hetero-complex. Since diastereomers have different chemical properties it might be 
a more active and selective catalyst than the original hetero-complex. Therefore the hetero-
combination of (S)-L3 and (S,R,R)-L5, which is a diastereomer of the catalyst based on (S)-
L3 and (R,S,S)-L5, was also tested (Scheme 5.8) 
2% Cu(OTf)2





5.17  -17% e.e.
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Scheme 5.8 The diastereomeric hetero-combination. 
This diastereomeric hetero-combination is also not able to improve the e.e. values obtained 
with the corresponding homo-combinations. In the case of 5.16 the high catalytic activity of 
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5.5   Rhodium-catalyzed asymmetric conjugate addition 
5.5.1   Combinations of chiral ligands 
Like the copper-phosphoramidite catalyzed ACA of diethylzinc, the rhodium-
phosphoramidite catalyzed ACA of phenylboronic acid is also a suitable C-C bond forming 
reaction for the application of the monodentate ligand combination approach. Inspired by 
the earlier successes of the rhodium-based hydrogenation catalysts in this approach (Section 
5.3), the conjugate addition of phenylboronic acid to 4-methylnitrostyrene (5.19, Chapter 
4.4) was used as a model reaction (Scheme 5.9). 
2% Rh(acac)(eth)2
2.5% Lx + 2.5% Ly
5.19
NO2
dioxane, 60oC, 3 h




Scheme 5.9 Rh-catalyzed ACA of phenylboronic acid. 
Phenylboronic acid was generated in situ from phenylboroxine and water (one equivalent 
with respect to boron), because this provides mild reaction conditions that are beneficial for 
the stability of the catalyst. Several chiral phosphoramidite ligands were used for the 
combinations, based on small (catechol) and large (BINOL) diol moieties as well as small, 












































Figure 5.5 Phosphoramidite ligands used in the Rh-catalyzed ACA. 
The results of the use of these ligands in the monodentate ligand combination approach for 
the reaction in Scheme 5.9 are shown in Table 5.2. The e.e. as well as the conversion was 
measured over a period of 3 hours. Again the homo-combinations (Lx = Ly) of the ligands 
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Table 5.2 E.e. values for 5.20 and (conversions) of 5.19. 
5.20  e.e.a (conv.)b, %
2% Rh(acac)(eth)2
2.5% Lx + 2.5% Ly
5.19
NO2
dioxane, 60oC, 3 h




  ligand Ly      
  L3 L5 L6 L7 L8 L9 L10 
L3 23 (11)       
L5 47 (4) 28 (4)      
ligand L6 41 (100) - 45 (100)     
Lx L7 -2 (13) - - - (0)    
 L8 24 (97) - 31 (94) - 22 (100)   
 L9 31 (92) 37 (45) 29 (100) 0 (13) 19 (100) -7 (69)  
 L10 - - - - - 4 (26) 52 (15) 
     
aDetermined by chiral HPLC, bdetermined by GC, - = not determined. 
Although not all possible combinations were tested, we were able to demonstrate for the 
first time that the monodentate ligand combination approach led to improved catalytic 
asymmetric C-C bond formation. The three hetero-combinations of ligands L3 with L5, L3 
with L9 and L5 with L9 all resulted in higher e.e. values than their corresponding homo-
combinations. In addition, it was found that in the case of L3 with L9, even the conversion 
increased from 69% to 92%. This indicates that the hetero-complex is formed, and that it is 
more active and selective than the two homo-complexes. Two diastereomeric hetero-
combinations of (S,S)-L9, with (R)-L3 and (R,S,S)-L5, were much less successful. They led 
to -33% e.e. at 24% conversion and -23% e.e. at 18% conversion, respectively. The 
combination of a relatively small phosphoramidite, e.g. L9, with a bulky phosphoramidite 
such as L3 or L5 seems essential in this case in order to create a more selective hetero-
complex. Homo-complexes of the bulky ligands have a very low activity and give moderate 
enantioselectivities, whereas the homo-complex of the small phosphoramidite ligand has a 
moderate activity and gives a low e.e. A combination of these two types of ligands gives a 
hetero-complex that combines the two best properties of both, a moderate activity and 
enantioselectivity. 
In order to broaden the scope of this approach, other substrates were used. Benzylidene 
acetone (5.15) was considered to be an attractive substrate (Table 5.3). β-Aryl-substituted 
enones have not been used before as substrates in the ACA of arylboronic acids and offer 
the attractive feature that they lead to a benzhydrylic stereogenic center.23 As in the case of 
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Table 5.3 Results for benzylidene acetone. 
2% Rh(acac)(eth)2
2.5% Lx + 2.5% Ly
dioxane, 60oC, 3 h






Lx / Ly conv. (%)a e.e. (%)b Lx / Ly conv. (%)a e.e. (%)b 
L9 / L9 27 33 L9 / L3 33 -36 
L3 / L3 23 -30 L9 / L5 30 12 
L5 / L5 0 - L3 / L5 15 -45 
aDetermined by GC, bdetermined by chiral HPLC, absolute configurations were not determined. 
The use of hetero-combinations of ligands has a beneficial effect on the enantioselectivity 
of 5.21, although it is not as pronounced as for 5.20, and the conversion remains nearly the 
same. A diastereomeric hetero-combination of (S,S)-L9 with (R)-L3 did not improve the 
results (25% conversion, 0% e.e.). 
Cyclic enones such as 2-cyclohexenone (5.22) have been extensively studied as substrates 
in the rhodium-catalyzed ACA of arylboronic acids and their derivatives, and can be seen 
as benchmark substrates (Table 5.4).25-28 
Table 5.4 Results for 2-cyclohexenone. 
2% Rh(acac)(eth)2
2.5% Lx + 2.5% Ly
5.22
dioxane, 60oC, 3 h






Lx / Ly conv. (%)a e.e. (%)a Lx / Ly conv. (%)a e.e. (%)a 
L9 / L9 26 33 L9 / L3 93 75 
L3 / L3 22 -27 L9 / L5 40 77 
L5 / L5 18 -16 L3 / L5 16 -60 
L11 / L11 21 4 L3 / L5 / L9 47 75 
   L11 / L3 19 -3 
   L11 / L5 4 15 
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For this substrate, the trend of decreased activity with increasing steric bulk of the 
phosphoramidite ligands is also present. In contrast to 5.20, the e.e. values also decrease 
with an increase of steric bulk of the ligand. However, the advantage of using hetero-
combinations of monodentate phosphoramidite ligands is considerably more pronounced. 
In case of the combination of L9 with L3, the conversion almost quadruples from 26 to 
93% and the e.e. more than doubles from 33 to 75%. This higher activity and selectivity is 
also observed for the hetero-combination of L9 with L5, where a small and bulky 
phosphoramidite are combined. It even holds for the combination of the three 
phosphoramidite ligands L3, L5 and L9. Surprisingly, combinations with L11, which is 
similar in size to L9, do not lead to improved e.e. values or conversions. The 
abovementioned results clearly demonstrate that the hetero-complex is formed when two 
different monodentate phosphoramidite ligands are combined, and it is frequently a better 
catalyst than the two parent homo-complexes. It remains unclear, however, what the 
relative amounts of homo- and hetero-complex are. 
5.5.2   31P-NMR of rhodium-phosphoramidite complexes 
In order to get an idea of the relative amounts of homo- and hetero-complex formed when 
two different phosphoramidite ligands are added to the catalyst precursor Rh(acac)(eth)2, 
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Figure 5.6 31P-NMR spectra of homo- and hetero-combinations (overlap of signals at 
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The homo-combination of L5 gives a doublet with signals at 161.3 and 157.6 ppm, 
corresponding with a homo-complex of L5 (Rh(acac)(L5)2) with a Rh-P coupling of 300 
Hz. The absence of a P-P coupling indicates that the two phosphoramidite ligands are 
aligned in an antiparallel way, leading to a C2-symmetric complex.29 The homo-
combination of L9 leads to an identical situation with a doublet at 159.1 and 155.6 ppm 
(JRh-P = 282 Hz). The minor doublet at 153.5 and 150.1 ppm (JRh-P = 279 Hz) arises from 
the mono-complex where only one phosphoramidite ligand is bound to the rhodium 
(Rh(acac)(eth)(L9)), which was proven by an NMR-titration experiment. The 31P-NMR 
spectrum of the hetero-combination of ligands L5 and L9 shows the presence of both the 
homo- and the hetero-complexes, as was expected based on Scheme 5.4. Integration of the 
signals gives the ratio of the homo- and hetero-complexes. The homo-complexes of L5 and 
L9, including the L9 mono-complex, are present in small amounts of about 5%. The 
hetero-complex is with 85% the major species. It appears as two double doublets 
originating from 160.1 and 158.1 ppm. The double doublet of L5 (at 162.5, 161.3, 158.9 
and 157.7 ppm) is due to a Rh-P coupling of 289 Hz and a P-P coupling of 96 Hz. The 
double doublet of L9 (at 160.5, 159.3, 156.9 and 155.8 ppm) is due to a Rh-P coupling of 
286 Hz and a P-P coupling of 96 Hz. Additional proof was provided by a simulation of the 
31P-NMR of the hetero-complex by the group of Van Leeuwen. This simulation 







Figure 5.7 Simulated 31P-NMR spectrum of the hetero-complex. 
By integration of the 31P-NMR signals of the homo- and hetero-complexes, observed by 
combining two different phosphoramidite ligands and Rh(acac)(eth)2, their ratios were 
readily determined (Table 5.5) 
Table 5.5 Ratios of homo- and hetero-complexes. 
Lx / Ly Rh(acac)(Lx)2 Rh(acac)(Lx)(Ly) Rh(acac)(Ly)2 
L3 / L9 17 78 5 
L5 / L9 6 89 5 
L3 / L5 27 54 19 
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The imbalance in homo-complex ratios is due to errors in weighing and the fact that mono-
complexes were not included since they do not give stable catalysts. In cases where the 
hetero-combination of ligands is based on a small and a bulky phosphoramidite, such as L3 
or L5 with L9, the hetero-complex is also the most abundant one and improved results are 
found in the asymmetric C-C bond formation. It even exceeds the statistical distribution of 
25:50:25 as expected on the basis of Scheme 5.4. This distribution is approximately found 
for hetero-combinations that are based on two bulky phosphoramidite ligands (such as L3 
with L5), and, although they sometimes give improved e.e. values, they do not lead to more 
active catalysts. 
5.5.3   Combinations of chiral and achiral ligands 
If the hetero-combination of a small ligand with a bulky ligand is essential for the 
formation of a hetero-complex with a higher activity and selectivity, it should be possible to 
replace one of the two chiral ligands by an achiral ligand and still observe these 
improvements. For that purpose achiral phosphorus ligands with different donating and 
steric properties were screened in the ACA of phenylboronic acid to 5.19 (Table 5.6). 
Table 5.6 Rh-catalyzed ACA with a combination of chiral and achiral ligands. 
2% Rh(acac)(eth)2
2.5% Lx + 2.5% Ly
5.19
NO2
dioxane, 60oC, 3 h












L14 L15  
Lx / Ly conv. (%)a e.e. (%)b Lx / Ly conv. (%)a e.e. (%)b 
L3 / L3 11 23 L5 / L12 12 9 
L5 / L5 4 28 L3 / L13 97 0 
L7 / L7 0 - L5 / L13 73 0 
L12 / L12 8 0 L7 / L13 78 0 
L13 / L13 83 0 L3 / L14 4 55 
L14 / L14 0 - L7 / L14 0 - 
L15 / L15 100 0 L3 / L15 94 7 
   L5 / L15 83 -30 
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The use of triphenylphosphine (L12) as a ligand leads to catalysts with a very low activity, 
in the homo- as well as the hetero-combination. The less basic triphenylphosphite (L13) is 
a surprisingly good ligand for this reaction, considering the easy hydrolysis of phosphites 
under these conditions. Hetero-combinations of achiral L13 with bulky optically active 
phosphoramidites unfortunately result in high conversions to racemic products, indicating 
that the homo-complex of L13 is the most active catalyst. This demonstrates that chiral 
phosphites might be effective ligands for the rhodium-catalyzed ACA of arylboronic acids. 
Phosphite ligand L14, due to its steric bulk, is much more stable towards hydrolysis, but 
also leads to almost inactive catalysts in homo- as well as hetero-combinations. The e.e. 
value in combination with L3 is very promising. Achiral phosphoramidite L15 proved to be 
the most suitable achiral ligand, resulting in complete conversion to the racemic product in 
the case of the homo-combination. The hetero-combination of this simple achiral ligand 
with L3 does not lead to improved results, but the combination with L5 leads to a drastic 
improvement of conversion from 4% to 83% with a reversed and slightly higher e.e. value. 
These results prompted us to apply the combination of bulky chiral phosphoramidites with 
the small achiral phosphoramidite L15 in the ACA of phenylboronic acid to 5.20 (Table 
5.7). 
Table 5.7 Rh-catalyzed ACA with achiral ligand combinations. 
2% Rh(acac)(eth)2
2.5% Lx + 2.5% Ly
5.22
dioxane, 60oC, 3 h






Lx / Ly conv. (%)a e.e. (%)a Lx / Ly conv. (%)a e.e. (%)a 
L3 / L3 22 -27 L3 / L15 100 5 
L5 / L5 18 -16 L5 / L15 79 31 
L7 / L7 0 - L7 / L15 98 -22 
L15 / L15 100 0    
aDetermined by chiral GC, absolute configurations were not determined. 
The hetero-combination with L5 gives a high conversion, and in addition to a reversal, a 
large increase in e.e. from -16 to 31%. But the most striking results are obtained with the 
combination of L7 with L15. Whereas the homo-complex of L7 is inactive and the homo-
complex of L15 not enantioselective, the hetero-complex of L7 with L15 is both an active 
and enantioselective catalyst. 
Integration of the signals in the 31P-NMR spectra of the hetero-combinations showed that 
also here the most successful combinations of ligands (L15 with L5 or L7) correspond with 
a high proportion of the hetero-complex (92% and 86% respectively). It also demonstrates 
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of a hetero-complex, but to the fact that the homo-complex of L13 is a more active catalyst 
(Table 5.8). 
Table 5.8 Ratios of homo- and hetero-complexes with achiral ligands based on 31P-NMR. 
Lx / Ly Rh(acac)(Lx)2 Rh(acac)(Lx)(Ly) Rh(acac)(Ly)2 
L3 / L13 13 49 38 
L5 / L13 14 61 25 
L3 / L15 13 69 18 
L5 / L15 5 92 3 
L7 / L15 8 86 6 
5.6   Further developments 
Shortly after the publication of our results,30 the group of Reetz also reported the use of 
combinations of chiral and achiral ligands in the hydrogenation of dehydro α-amino ester 






0.1% Lx + 0.1% Ly
H2, CH2Cl25.24 5.25
Lx = Ly = L12  0% e.e.
Lx = Ly = L16  92% e.e. (S)







Scheme 5.10 The combination of a chiral and achiral ligand in hydrogenation. 
Although they were not able to improve the e.e. or conversion in this way, they observed a 
reversal of enantioselectivity for 5.25. Recently two strategies for the exclusive synthesis of 
a hetero-complex of two different monodentate ligands appeared. They differ from the 
monodentate ligand combination approach because the homo-complexes of the two ligands 
are not formed. This is achieved by modifying the ligands with complementary binding 
sites in such a way that in fact a bidentate is formed. The group of Takacs has synthesized 
hetero-complexes of two different monodentate phosphite ligands, P1 and P2 (5.26), 
































Ph Ph Ph Ph
N
R SO2ArOCO2Et
5.27 5.28 up to 97% e.e.
 
Scheme 5.11 Bidentate hetero-complex of chiral phosphites. 
In the palladium-catalyzed allylic amination of 5.27 this bidentate ligand, were P1 and P2 
are TADDOL based phosphites, resulted in 97% e.e. for 5.28. The group of Reek used the 
binding of nitrogen containing phosphine ligands like 5.30 to zinc(II)porphyrins such as 
5.29 in order to obtain mixed bidentate ligands. In the palladium catalyzed allylic alkylation 
of 5.31 this led to an e.e. value of 60% for 5.32 (Scheme 5.12).33 
1% [Pd(allyl)Cl]2
6% 5.29 + 6% 5.30
Ph Ph Ph Ph
MeO2C CO2MeOAc













Scheme 5.12 Allylic alkylation with a bidentate hetero-complex of a phosphine-phosphite. 
5.7   Conclusions 
The monodentate ligand combination approach is a new concept in asymmetric catalysis. 
By using a mixture of two different monodentate phosphoramidite ligands for the in situ 
catalyst formation, three different catalysts are obtained. The two homo-complexes contain 
two identical ligands and could also be prepared separately by using two equivalents of 
identical ligands. But the hetereo-complex, which contains two different ligands, is a new 
catalyst. These three catalysts are simultaneously present in the reaction mixture, but if the 
hetero-complex has a higher activity and/or selectivity than the two homo-complexes it will 
lead to improved results. This principle has now been shown for enantioselective C-C bond 
forming reactions. The initial experiments focused on the copper-catalyzed ACA of 
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improved results. This might be due to the fact that the hetero-complex is not formed at all, 
because the e.e. values for the ethyl-adduct of benzylidene acetone are close to the average 
values obtained with the parent homo-complexes. An alternative explanation is that the 
homo-complexes are much more active than the hetero-complex, like in the case of 3-
nonen-2-one. On the other hand, the monodentate ligand combination approach did lead to 
improved results in the rhodium-catalyzed ACA of arylboronic acids. The combination of a 
small and a bulky phosphoramidite ligand led to an increase of conversion as well as e.e. 
for three different substrates. The ratios of homo- and hetero-complexes that were formed 
when the ligands were added to the catalyst precursor Rh(acac)(eth)2 could be determined 
with 31P-NMR. It turned out that the hetero-complex was indeed formed, and moreover, 
that it was the most abundant species, present in over 90% in the most successful cases. 
Although these measurements do not show the catalytically active species under the 
reaction conditions, they provide, in combination with the obtained conversions and e.e. 
values, a good insight into the monodentate ligand combination approach. This approach 
can even lead to improved results when combinations of chiral with achiral ligands are 
employed. In the most striking case the homo-complexes do not function as 
enantioselective catalysts whereas the hetero-complex does. The advantage of the 
monodentate ligand combination approach over other methods for the formation of hetero-
complexes lies in the fact that it makes use of unmodified monodentate ligands. This not 
only profits from facile synthesis of the individual ligands, and also leads to a larger 
number of possible hetero-complexes when there are no complementary binding sites that 
have to be taken into account. Due to these large numbers, the monodentate ligand 
combination approach is highly suitable for, and actually requires, screening in a high 
throughput fashion.  
5.8   Experimental section 
For general information see Chapters 2 and 4. Phosphoramidite ligands (L3,34 L4,35 L5,34 
L6,36 L7,37 L8,38 L10,39 L11,35 L15) were synthesized according to literature 
procedures,25,36 which are discussed in detail in Chapter 7. Phosphoramidite ligand L930 
was kindly provided by Rob Hoen. Spectral data for ligands L3-11 can be found in the 
given references. 
1-Benzo[1,3,2]dioxaphosphol-2-yl-pyrrolidine (L15). To a solution 
of 1.74 g (10 mmol) of 1,2-phenylene phosphorochloridite in 10 ml of 
anhydrous THF at 0 oC was added a solution of 711 mg (10 mmol) of 
pyrrolidine and 1.01 g (10 mmol) triethylamine in 5 ml of anhydrous 
THF. The resulting white turbid mixture was stirred at 0 oC for 1 h. The solvent was 
removed under reduced pressure and the product was purified with column chromatography 
(pentanes:diethyl ether 10:1, Rf 0.9) to give 82 mg ( 0.4 mmol, 4% yield) of L15 as a 
colorless oil. 1H-NMR δ: 6.93 (m, 4H), 3.06 (m, 4H), 1.73 (m, 4H); 13C-NMR δ: 144.7 (d, 
J= 8 Hz), 120.1 (s), 109.5 (s), 43.5 (d, J= 15 Hz), 24.5 (d, J= 3 Hz); 31P-NMR δ: 141.5. 














The monodentate ligand combination approach 
 
 
General procedure A. Monodentate ligand combination approach of the copper-
phosphoramidite catalyzed ACA of diethylzinc. 
In a Schlenk tube 3.6 mg (0.01 mmol, 2 mol%) of Cu(OTf)2 was flame-dried, and together 
with two (0.01 mmol, 2 mol%) portions of phosphoramidite dissolved in 2 ml of dry 
toluene. After 30 min of stirring at room temperature, 36 mg (0.25 mmol) of 5.15, 35 mg 
(0.25 mmol) of 5.16 and 10 µl of n-tridecane (internal standard) were added to the clear 
solution. An initial sample was taken before the reaction mixture was cooled to -45 oC and 
0.6 ml (0.6 mmol) of diethylzinc (1.0M in hexanes) was added. The reaction mixture was 
stirred at -45 oC and during the reaction samples of 0.1 ml were taken from the reaction 
mixture with a glass pipette and added to 1 ml of a rigorously stirred mixture of diethyl 
ether : saturated aqueous NH4Cl (1:1). The organic layer was decanted, filtered over 
Na2SO4, and subjected to GC analysis.  
4-Phenyl-hexan-2-one (5.17). According to general procedure A, 
spectral data were in accordance with literature.40 Enantiomer separation 
on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 105oC for 10 
min then with 10oC/min to 110oC for 15 min, 22.8 / 23.8 min (GC). 
 
4-Ethyl-nonan-2-one (5.18). According to general procedure A, 
spectral data were in accordance with literature.41 Enantiomer 
separation on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 
µm, 105oC for 10 min then with 10oC/min to 110oC for 15 min, 9.4 / 9.6 min (GC). 
 
General procedure B. Monodentate ligand combination approach of the rhodium-
phosphoramidite catalyzed ACA of arylboronic acids. 
In a Schlenk tube 2.58 mg (0.01 mmol, 2 mol%) of Rh(acac)(eth)2 and two 0.012 mmol 
(2.5 mol%) portions of phosphoramidite ligand were dissolved in 1 ml of anhydrous 
dioxane and stirred at room temperature for 15 min. 0.5 mmol of the Michael acceptor, 0.67 
mmol of arylboroxine and 10 µl of n-tridecane (internal standard for GC) were added and 
the resulting mixture was stirred for 2 min. An initial sample was taken before the addition 
of 0.1 ml of water after which the mixture was degassed and stirred for 3 hours at the 
indicated temperature. During the reaction, samples of 0.1 ml were taken from the reaction 
mixture with a glass pipette and added to 1 ml of a stirred mixture of diethyl ether: 
saturated aqueous NaHCO3 (1:1). After a few minutes the organic layer was decanted, 
filtered over Na2SO4, and subjected to GC and HPLC analysis. 
p-Tolylboroxine. According to a modified literature procedure.42 In a 
drying pistol 2.5 g (18 mmol) of p-tolylboronic acid was heated 
overnight at 145°C in vacuo to give 1.9 g (5 mmol, 90% yield) of p-

















2-Phenyl-2-(4-methylphenyl)-nitroethane (5.20). See Chapter 4. 
 
4-Phenyl-4-p-tolyl-butan-2-one (5.21). According to general procedure 
B, 146 mg (1.0 mmol) of 5.15 gave 187 mg (0.8 mmol, 79% yield) of 
5.21 as a colorless oil after column chromatography (heptanes:diethyl 
ether 4:1, Rf 0.4). Spectral data were in accordance with literature.43 
Enantiomer separation on a Chiralpak OD column, heptanes/isopropanol 
99/1, 210 nm, 12.7 / 14.3 min (HPLC). 
 
3-Phenylcyclohexanone (5.23). According to general procedure B, spectral 
data were in accordance with literature.44 Enantiomer separation on a 
Chiraldex A-TA column, 30m x 0.25 mm x 0.12 µm, 120oC isothermic, 58.0 / 
60.1 min (GC) . 
 
31P-NMR of the Rh(acac)(Lx)(Ly) complexes. In a nitrogen filled NMR sample tube 
containing 3.22 mg (0.012 mmol, 1 eq) of Rh(acac)(eth)2 and two 0.012 mmol (1 eq each) 
portions of phosphoramidite was added 0.6 ml of CDCl3. The spectra were acquired with a 
T1 of 1.2 sec. and a 90° pulse (Table 5.9). 
Table 5.9 31P-NMR data of homo- and hetero-complexes. 
Homo-complex (ppm) 
Rh(L3)2 161.8 (d, JRh-P= 298 Hz) 
Rh(L5)2 159.4 (d, JRh-P= 300 Hz) 
Rh(L7)2 162.3 (d, JRh-P= 299 Hz) 
Rh(L9)2 157.4 (d, JRh-P= 282 Hz) 
Rh(L11)2 167.4 (d, JRh-P= 284 Hz) 
Rh(L13)2 123.2 (d, JRh-P= 302 Hz) 
Rh(L15)2 156.7 (d, JRh-P= 271 Hz) 
Hetero-complex (ppm) 
Rh(L3)(L5) 159.9 (dd, JRh-P= 298, JP-P= 101 Hz), 161.2 (dd, JRh-P= 293, JP-P= 101 Hz) 
Rh(L3)(L9) 160.1 (dd, JRh-P= 284, JP-P= 96 Hz), 161.8 (dd, JRh-P= 293, JP-P= 96 Hz) 
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Rh(L5)(L11) 158.1 (dd, JRh-P= 291, JP-P= 90 Hz), 167.6 (dd, JRh-P= 294, JP-P= 90 Hz) 
Rh(L3)(L13) 122.1 (dd, JRh-P= 323, JP-P= 98 Hz), 158.1 (dd, JRh-P= 280, JP-P= 98 Hz) 
Rh(L5)(L13) 120.0 (dd, JRh-P= 318, JP-P= 97 Hz), 158.1 (dd, JRh-P= 284, JP-P= 97 Hz) 
Rh(L3)(L15) 159.5 (d br, JRh-P= 287 Hz) 
Rh(L5)(L15) 158.1 (d br, JRh-P= 286 Hz) 
Rh(L7)(L15) 158.3 (d br, JRh-P= 286 Hz) 
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Asymmetric conjugate addition of 
organotrifluoroborates 
6.1   Introduction 
The applications of phosphoramidites as chiral ligands for the asymmetric conjugate 
addition (ACA) cover a wide range of substrates and organometallic reagents. Copper-
phosphoramidite catalysts give high levels of stereocontrol in the enantioselective addition 
of alkyl groups (6.2), through the use of dialkylzinc reagents.1 Rhodium-phosphoramidite 
catalysts are suitable for the highly enantioselective addition of aryl groups (6.3) with 









































Scheme 6.1 Enantioselective conjugate additions of alkyl, aryl and alkenyl groups. 
A phosphoramidite-based catalyst for the ACA of alkenyl groups (6.4) is, however, still 
lacking (Scheme 6.1). Therefore we started the development of an enantioselective catalyst, 
based on a transition metal and a chiral phosphoramidite ligand that would allow the ACA 
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6.2   Earlier work 
Of the various alkenyl nucleophiles, alkenylboron reagents are the most frequently applied, 
due to the fact that they are stable under normal conditions and many of them are 
commercially available. The groups of Hayashi and Miyaura demonstrated that the use of 
alkenylboronic acids and esters (6.5) led to high e.e. values (up to 96%) in the rhodium-


































Scheme 6.2 Examples of ACA of alkenyl groups. 
From an atom economy point of view the ACA of a vinyl group is highly desirable,6 since 
the products of the ACA of alkenyl groups may be derivatized further by ozonolysis, 
hydrogenation, hydroboration or olefin cross-metathesis. Due to its instability, vinylboronic 
acid can, however, not be used in the ACA.7 The group of Darses and Genet showed that 
the highly stable potassium vinyltrifluoroborate (6.7) can be used as a vinyl donor in the 
rhodium-BINAP catalyzed ACA, yielding 6.8 with 92% e.e.8 In a similar fashion the group 
of Oi and Inoue employed vinyl triethoxysilane (6.9), which provides a low cost alternative 
to organoboron compounds.9 
6.3   Screening of alkenyl donors 
Based on these literature examples, a rhodium-phosphoramidite catalyst in combination 
with an alkenyl-boron or -silyloxy compound seemed a likely system for the ACA of 
alkenyl groups. In the initial experiments a commercially available vinylboronic ester 
(6.10), vinylboronic acid (6.11) and allylboronic ester (6.12) were used in combination with 


































Scheme 6.3 Initial screening of organoboron compounds. 
In all cases no conversion of 6.1 was observed, even when additional base (KOH) or acid 
(HCl) was used. The ACA of hexenylboronic acid (6.13) was more successful, although a 















Scheme 6.4 Rh-phosphoramidite catalyzed ACA of hexenylboronic acid. 
Vinyl triethoxysilane (6.9) as well as phenyl triethoxysilane (6.15) resulted in low 
conversions and e.e. values for 6.8 and 6.16, respectively, when the catalyst was based on a 
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In contrast to these findings, the neutral rhodium precursor Rh(acac)(eth)2 was able to 
catalyze the ACA of phenyl triethoxysilane under basic conditions. Although the 
conversion remained low, a high e.e. of 70% was achieved for 6.16. The best results were 
obtained, however, with potassium vinyltrifluoroborate (6.7), which led to a moderate 













Scheme 6.6 Rh-phosphoramidite catalyzed ACA of potassium vinyltrifluoroborate. 
Based on these results we decided to use organotrifluoroborates as nucleophiles for the 
ACA of alkenyl groups. 
6.4   Synthesis of organotrifluoroborates 
Several years after their first practical synthesis in 1995 by the group of Vedejs,11 
potassium organotrifluoroborates have been used as an alternative for boronic acids in 
cross-coupling reactions.12-14 Shortly thereafter these ate-complexes were applied in the 
rhodium-catalyzed ACA.8,15 Potassium organotrifluoroborates have been employed in these 
reactions, instead of boronic acids, because of their high stability towards moisture, ease of 
purification and lack of trimer formation.16 It remains unclear whether one or more fluoride 
ions are replaced by hydroxyl groups prior to the transmetalation step under aqueous 
conditions, leading to in situ formation of boronic acid.13,17 Several potassium 
organotrifluoroborates are commercially available, but they can also be easily synthesized 
by the procedure of Vedejs, which affords potassium organotrifluoroborates as crystalline 




KHF2 , H2O ArBF3K
BF3K BF3K BF3KCl BF3KMeO
S
BF3K
6.18  97% 6.19  99% 6.20  90% 6.21  93%  
Scheme 6.7 Synthesis of potassium aryltrifluoroborates. 
Various potassium aryltrifluoroborates (6.17-21) were obtained almost instantaneously and 
in nearly quantitative yields on gram scale. Purification by extraction with acetone, in 
which inorganic salts such as KF and KHF2 are insoluble, gave analytically pure 
compounds. The advantages of potassium organotrifluoroborates are even more 
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case of vinylboronic acid. These potassium organotrifluoroborates are obtained by the in 
situ formation of the parent boronic ester, followed by hydrolysis to the boronic acid in the 
presence of KHF2 (Scheme 6.8). 
6.7  56%
MgBr B(OMe)3+ THF, -60oC
KHF2 , H2O BF3K
+ nBuLi
i)  B(OMe)3
















Scheme 6.8 Synthesis of potassium organotrifluoroborates. 
Starting from vinylmagnesium bromide (6.22), a moderate yield of the desired potassium 
vinyltrifluoroborate (6.7) was obtained. The use of vinylmagnesium chloride led to a lower 
yield (19%).12 In addition to these alkenyl and aryl potassium trifluoroborates, an alkynyl 
and alkyl potassium trifluoroborate were synthesized. Starting from 1-hexyne (6.23) and 
methylboroxine (6.25), the corresponding trifluoroborates were obtained in a moderate and 
high yield, respectively.14,18 A disadvantage of potassium organotrifluoroborates is their 
low solubility at room temperature in common organic solvents. They can be made soluble 
in these solvents by exchanging the potassium counterion for a tetra-n-butylammonium ion, 












6.28  88%  
Scheme 6.9 Synthesis of soluble organotrifluoroborates by counterion exchange. 
6.5   Asymmetric conjugate addition of organotrifluoroborates 
Although the initial result with potassium vinyltrifluoroborate (6.7) was encouraging 
(Scheme 6.6.), the moderate conversion of 40% needed to be improved prior to the 
screening of different phosphoramidite ligands. The conditions shown in Scheme 6.6. were 
adapted from the ACA for arylboronic acids,2 applying the neutral Rh(acac)(eth)2 as the 
rhodium source. Since Darses and Genet showed that a cationic rhodium source was 
essential in order to obtain high conversion (Scheme 6.2),8 we screened several rhodium 
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entry [Rh] conversion (%)a e.e. (%)a 
1 Rh(acac)(eth)2 43 60 
2 [Rh(eth)2Cl]2 43 59 
3 [Rh(COD)Cl]2 40 55 
4 Rh(COD)2BF4 33 44 
5 Rh(COD)2OTf 42 41 
aDetermined by chiral GC, tridecane as internal standard. 
In contrast to the results of Darses and Genet, we observe that neutral (entries 1-3) as well 
as cationic rhodium complexes (entries 4,5) are able to yield 6.8 with moderate conversion 
and e.e. Although there is not much difference with other neutral rhodium complexes, 
Rh(acac)(eth)2 performed slightly better and was therefore used during the optimization of 
the reaction conditions. In order to determine the effect of the solvent upon the conversion 
and enantioselectivity, thirteen other widely differing solvents were examined (Table 6.2). 












solvent conv. (%) e.e. (%) solvent conv. (%) e.e. (%) 
heptane 30 50 DMF 15 32 
toluene 12 60 DMSO 5 38 
dioxane 43 60 MeCN 1 61 
DME 24 61 iPrOH 70 59 
THF 6 52 EtOH 74 60 
CHCl3 1 52 MeOH 52 61 
acetone 5 55 water 0 - 
 
Surprisingly, the enantioselectivity obtained after 3 hours at reflux was nearly independent 
of the solvent. The lower values for DMF and DMSO can be attributed to their high boiling 
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observed when it is used as a solvent. Although acetone is the only solvent in which 6.7 is 
soluble at room temperature, it does not lead to a high conversion. In other solvents the 
reaction mixture needs to be heated in order to dissolve 6.7. The best results are obtained 
with alcohols as solvents, and up to 74% conversion and 60% e.e. is reached in 
ethanol/water (10/1). The cationic rhodium source Rh(COD)2BF4 gave identical conversion 
(70%) but a lower e.e. (52%) in isopropanol. Replacement of water with ethanol as the 
proton source in the case of dioxane led to identical results (40% conv., 60% e.e.), which 
prompted us to investigate the role of water (Table 6.3). 












entry equivalents H2Oa temperatureb conversion (%) e.e. (%) 
1 22 90°C 74 60 
2 10 90°C 85 60 
3 4 90°C 92 62 
4 1 90°C 97 63 
5 0 90°C 99 63 
6 0 70°C 60 63 
7 0 50°C 5 63 
aWith respect to 6.1, bexternal temperature. 
The presence of water clearly has a detrimental effect on the degree of conversion (entries 
1-4) and its role in the transmetalation and as a proton source can be taken over by ethanol 
(entry 5), which is also the most effective solvent (Table 6.2). The e.e. is even slightly 
higher in the absence of water. The lower conversions obtained in the presence of water 
(entries 1-4) are not due to a lower reaction rate, but are probably the result of faster 
solvolysis of 6.7 or decomposition of the catalyst. The reaction can also be performed at 
lower temperatures without any effect upon the e.e., but the decrease in reaction rate leads 
to drastically lower conversions (entries 6,7). The use of anhydrous ethanol did not provide 
an advantage over ordinary absolute ethanol, making it a mild and practical method for the 
ACA of 6.7. This is especially evident when it is compared with the system of Darses and 
Genet (Scheme 6.2), who use the non-commercially available Rh(COD)2PF6 and obtain 
racemic material at temperatures below 100°C.8 Under the optimized conditions described 
above, a number of phosphoramidite ligands were screened in order the increase the 
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Because the activity of the various catalysts was unknown beforehand, a higher catalyst 
loading of 4% as well as a longer reaction time of 6 h was used (Table 6.5). 












entry ligand conv. (%) e.e. (%) entry ligand conv. (%) e.e. (%) 
1 L1 0 - 11 L11 38 75 
2 L2 98 88 12 L12 90 79 
3 L3 99 63 13 L13 32 80 
4 L4 75 70 14 L14 18 13 
5 L5 76 84 15 L15 100 70 
6 L6 27 50 16 L16 99 86 
7 L7 100 62 17 L17 27 79 
8 L8 76 66 18 L18 26 32 
9 L9 86 66 19 L19 5 47 
10 L10 100 76 20 L20 76 75 
    21 BINAP 99 96 
 
The most successful ligand for the copper-catalyzed ACA of dialkylzinc reagents, 
phosphoramidite (S,R,R)-L1,1 leads to an inactive rhodium catalyst for the ACA of 
trifluoroborate 6.7 (entry 1). Other ligands with bulky amine substituents also lead to low 
conversions and e.e. values (entries 6, 14), which is in line with the observations described 
in Chapters 4 and 5. Phosphoramidite (S)-L2,2 which is the most effective ligand for the 
rhodium-catalyzed ACA of arylboronic acids, leads to an excellent catalyst for the ACA of 
trifluoroborate 6.7 with an e.e. of 88% for 6.8 at almost complete conversion. The use of 
ligands with a 8H-BINOL backbone leads in all cases to a higher e.e. and often a higher 
conversion compared to their BINOL analogs (compare entries 5, 3, 7, 9, 11 with 2, 4, 8, 
10, 12). This might be due to their different biaryl dihedral angle and higher solubility.19 
Whereas phosphoramidites based on cyclic and acyclic aliphatic amines lead to almost 
identical results (compare entries 2,16), the introduction of aromatic substituents leads to 
lower conversions and e.e. values (entries 18,19) The fact that unsymmetrical amines also 
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the phosphoramidites under these conditions, an e.e. of 96% was obtained (entry 21), which 
is significantly higher than the 92% e.e. reported by Darses and Genet (Scheme 6.2). 
 
With the knowledge that phosphoramidite ligands based on secondary amines with 
unbranched aliphatic substituents give the best results, a “homologous series” of these 
ligands based on BINOL and 8H-BINOL was synthesized (Table 6.6.). 



























































In search for a more enantioselective catalyst than the one based on L2, the 14 ligands with 
substituents ranging from methyl to pentyl were tested in the ACA of trifluoroborate 6.7 to 
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entry ligand conv. (%) e.e. (%) entry ligand conv. (%) e.e. (%) 
1 L4 80 70 7 L3 99 63 
2 L21 96 86 8 L5 81 84 
3 L2 99 88 9 L25 86 86 
4 L22 99 83 10 L26 77 88 
5 L23 86 87 11 L27 85 86 
6 L24 81 78 12 L28 79 84 
    13 L29 66 85 
    14 L30 72 81 
 
Several remarkable trends can be deduced from the results of these homologous series of 
ligands. In case of the 8H-BINOL based phosphoramidites (entries 1-6) the e.e. as well as 
the conversion increases with increasing length of the alkyl substituents until L2, after 
which the e.e. and conversion decrease when the alkyl substituents on the amine become 
longer. An identical trend can be seen for phosphoramidites based on BINOL, although the 
optimal ligand is a higher homolog in the series (L26). For unknown reasons the most 
selective ligand is in this case not the most active one.  
To achieve an even more comprehensive screening of the homologous series, the 
monodentate ligand combination approach was used (Chapter 5).20-22 In this approach an 
equimolar mixture of two monodentate ligands is used for the in situ catalyst formation, 
leading to the simultaneous formation of two homo- and one hetero-complex. If this hetero-
complex is more active and selective than the two homo-complexes it will lead to better 
results. For these combinations of ligand, the six phosphoramidites based on 8H-BINOL 
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  Ly      
  L4 L21 L2 L23 L22 L24 
Lx L4 70      
 L21 77 86     
 L2 81 85 88    
 L23 80 83 86 87   
 L22 80 83 84 82 83  
 L24 78 84 81 80 83 78 
 
The use of ligand combinations where hetero-complexes can be formed (Lx ≠ Ly) does not 
lead to improved e.e. values compared to the homo-complexes (Lx = Ly). Instead a value 
close to the average of the two homo-complexes is found, and the homo-combination of 
ligand L2 remains the optimal one. Analysis of the 31P-NMR spectra of the L2-L4 hetero-
combination revealed that the hetero-complex was formed as the major species (79%), but 
the results demonstrate that it is neither more active nor more selective than the two 
remaining homo-complexes (21%). Interestingly, the general relationship between activity 
and selectivity also holds for the monodentate ligand combinations when the conversions 
after 1h are measured (Table 6.9), which show that the homo-complex of L2 is also the 
most active catalyst. 
Table 6.9 Conversions after 1h using the monodentate ligand combination approach. 
  Ly      
  L4 L21 L2 L23 L22 L24 
Lx L4 60      
 L21 60 75     
 L2 73 86 88    
 L23 69 81 79 38   
 L22 70 85 70 65 67  
 L24 61 72 53 55 64 59 
 
Thus, the optimization of the reaction conditions and a thorough screening of the ligand 










Asymmetric conjugate addition of organotrifluoroborates 
and selective catalyst for the ACA of trifluoroborate 6.7 to 6.1. Subsequently the catalyst 
loading and equivalents of 6.7 used were optimized (Table 6.10) 












entry % catalyst eq. 6.7 time (h) conv. (%) e.e. (%) 
1 4 4 3 100 88 
2 4 3 3 97 87 
3 4 2 3 84 87 
4 2 4 6 100 88 
5 2 3 6 92 86 
6 2 2 6 83 87 
7 1 3 20 85 79 
 
As can be concluded from these results, the catalyst loading can be decreased to 2 mol%, 
leading to only slightly lower conversions but identical e.e. values (compare entries 1-3, 4-
6). A further decrease to 1 mol% gives a much longer reaction time and a lower e.e. (entry 
7). At least three equivalents of trifluoroborate 6.7 need to be employed to achieve high 
conversion, most probably due to solvolysis of 6.7 during the reaction. In order to increase 
the scope as well as the enantioselectivity of the reaction, soluble (6.27) and substituted 
(6.29 and 6.30) trifluoroborates were used as nucleophiles (Table 6.11). 





















entry RBF3X product conversion (%) e.e. (%) 
1 6.27 6.8 100 88 
2 6.29 6.31 71 72 
3 6.30 6.32 74 71 
4 6.24 - 0 - 
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The use of trifluoroborate 6.27 as a vinyl donor in place of 6.7 gives analogous results, but 
the introduction of substituents at the 2-trans position of the vinyl group unfortunately leads 
to lower conversions and e.e. values (entries 1-3). Trifluoroborates 6.24 and 6.26 were 
found to be unable to undergo conjugate addition to 6.1 (entries 4,5), even when a cationic 
rhodium source (Rh(COD)2BF4) or other solvents (dioxane/water) were used.  
Because rhodium-phosphoramidite catalysts have proven to be very successful in the ACA 
of arylboronic acids,2 their application in the ACA of phenyltrifluoroborates 6.17 and 6.28 
was investigated (Table 6.12) 










6.16 X =  K 6.17
        nBu4N 6.28  
entry RBF3X L conversion (%) e.e. (%) 
1 6.28 L2 100 98 
2 6.17 L2 99 99 
3 6.17 L16 81 95 
4 6.17 L26 76 96 
5 6.17 (S)-BINAP 27 99 
 
The three most successful ligands identified in the conjugate addition of 6.7 were used, and 
compared to BINAP. All three phosphoramidites achieve excellent levels of 
enantioselectivity (≥ 95%), with L2 being the most effective ligand. It results in complete 
conversion to virtually enantiopure 6.16 (entries 1,2) for 6.28 as well as 6.17, with a 
slightly higher e.e. for the latter. Compared to 6.7, 6.17 has a higher reactivity, which leads 
to shorter reaction times (2h) and a reduction in the number of equivalents of 
trifluoroborate needed (2). Although BINAP also reaches this level of e.e., the reaction rate 
is much lower (entry 5). Encouraged by this success, several other potassium 
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6.18 6.19 6.20 6.21  
 
entry ArBF3K conversion (%) product e.e. (%) 
1 6.18 99 6.33 98 
2 6.19 98 6.34 99 
3 6.20 100 6.35 98 
4 6.21 68 6.36 99 
 
The catalyst tolerates the use of functionalized potassium aryltrifluoroborates. Electron 
withdrawing (entry 2) and electron donating (entry 3) substituents both lead to high 
conversions and e.e. values. The advantage of the use of potassium trifluoroborates over 
boronic acids is illustrated by entry 4. Whereas 3-thiophene boronic acid does not give any 
conjugate addition product due to rapid solvolysis,23 the corresponding trifluoroborate 
(6.21) gives 68% conversion to 6.36 with an excellent e.e. of 99%. The scope with respect 
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6.37 6.1 6.38 6.39
6.17
 
entry acceptor conversion (%) product e.e. (%) 
1 6.37 100 6.40 84 
2 6.1 100 6.8 99 
3 6.38 100 6.41 87 
4 6.39 100 6.42 91 
 
In all cases complete conversion to the corresponding product was observed, although the 
e.e. values obtained for the other ring sizes (entries 1,4) and the lactone (entry 3) are lower 
than for cyclohexenone (entry 2). 
6.6   Further developments 
In a recent report, the group of Andrus demonstrated that a rhodium catalyst based on 
dicyclophane imidazolium ligand 6.43 give high e.e. values for the ACA of various 
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6.7   Conclusions 
In conclusion, the screening of various alkenyl nucleophiles and reaction conditions led to 
the development of a mild and efficient procedure for the catalytic asymmetric conjugate 
addition (ACA) of alkenyl and aryl groups to cyclohexenone. Potassium 
organotrifluoroborates proved to be the most suitable nucleophiles for this purpose, which 
have the advantage that they can be easily synthesized in high yields from Grignard 
reagents or other organometallic compounds. A systematic tuning of the phosphoramidite 
ligand structure, by the synthesis of a homologous series, provided a rhodium-
phosphoramidite catalyst that is able to catalyze the ACA of vinyltrifluoroborates with up 
to 88% e.e. The same catalyst also proved to be highly enantioselective in the ACA of 
aryltrifluoroborates, giving e.e. values of up to 99%. The reaction conditions are relatively 
mild because the role of water can be taken over by ethanol, which is also used as the 
solvent. In combination with the use of a commercially available rhodium precursor, and 
the relatively short reaction times at moderate temperatures these conditions are 
advantageous compared to existing methods.8,15,24 Although the e.e. values obtained with 
the rhodium-phosphoramidite catalyst in case of the ACA of aryltrifluoroborates are 
identical to those obtained with Rh-BINAP, the scope with respect to the enones and the 
e.e. values for alkenyltrifluoroborates are somewhat lower. This might be improved by the 
use of ligands that were not included in the screening, such as phosphoramidites based on 
aromatic or primary amines. Another possibility would be the use of siloxanes, in view of 
the high enantioselectivity that was obtained in the rhodium-phosphoramidite catalyzed 
ACA of phenyltriethoxysilane. 
6.8   Experimental section 
For general information see Chapters 2 and 4. Phosphoramidite ligands (L1,25 L2,2 L3,26 
L4,27 L5,25 L6,25 L7,28 L8, L9,25 L10,28 L11,25 L12,28 L13,25 L14,20 L15,28 L16,28 L17,28 
L18,25 L19,25 L20-25, L26,28 L27-30) were synthesized according to literature 
procedures,2,26 which are discussed in detail in Chapter 7. Spectral data for the ligands can 
be found in the references indicated or are listed below. 1H-, 13C- and 19F-NMR spectra for 
the potassium organotrifluoroborates were measured in acetone-d6 as the solvent at 200, 50, 
and 188 MHz, respectively. 19F-NMR chemical shifts were referenced to external CFCl3 
(0.0 ppm). In the 13C-NMR spectrum, the signal of the carbon adjacent to the tetravalent 
boron was generally not observed 
1-(8,9,10,11,12,13,14,15-Octahydro-3,5-dioxa-4-phospha-
cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)-pyrrolidine (L8). 1H-
NMR δ: 6.99 (m, 4H), 3.02-3.11 (m, 2H), 2.58-2.85 (m, 8H), 2.16-
2.33 (m, 2H), 1.51-1.81 (m, 12H); 13C-NMR δ: 148.9 (d, J= 26.5 
Hz), 137.8 (d, J= 21.6 Hz), 133.8 (d, J= 47.0 Hz), 129.2 (d, J= 15.5 












   
Chapter 6 
 
Hz), 25.8 (d, J= 4.2 Hz), 22.8, 22.7, 22.5; 31P-NMR δ: 142.7. [α]D= +266° (c = 1.0, CHCl3). 
HRMS calcd for C24H28NO2P 393.185 found 393.184. Anal. calcd for C24H28NO2P C 
73.26, H 7.17, N 3.56 found C 73.10, H 7.32, N 3.55. Mp 67°C. 
(3,5-Dioxa-4-phospha-cyclohepta[2,1-a;3,4-
a']dinaphthalen-4-yl)-hexyl-methyl-amine (L20). 1H-
NMR δ: 7.93 (m, 4H), 7.18-7.51 (m, 8H), 3.10 (m, 2H), 2.34 
(d, J= 5.8 Hz, 3H), 1.21-1.54 (m, 8H), 0.90 (m, 3H); 13C-
NMR δ: 150.1 (d, J= 5.3 Hz), 149.6, 132.8 (d, J= 10.2 Hz), 
131.2 (d, J= 36.0 Hz), 130.1 (d, J= 20.5 Hz), 128.2 (d, J= 5.3 Hz), 127.0 (d, J= 4.5 Hz), 
125.9 (d, J= 2.3 Hz), 124.6 (d, J= 12.9 Hz), 122.2 (d, J= 9.5 Hz), 49.8 (d, J= 36.8 Hz), 
31.5; 31.8 (d, J= 3.4 Hz), 28.3 (d, J= 3.8 Hz), 26.1, 22.6, 14.0; 31P-NMR δ: 148.5. [α]D= 
+403° (c = 1.1, CHCl3). HRMS calcd for C27H28NO2P 429.185 found 429.185. Anal. calcd 
for C27H28NO2P C 75.51, H 6.57, N 3.26 found C 75.80, H 6.50, N 3.21. Mp 52°C. 
Ethyl-methyl-(8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-
phospha-cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)-amine (L21). 
1H-NMR δ: 7.00 (m, 4H), 2.58-3.19 (m, 10H), 2.18-2.37 (m, 5H), 
1.70-1.84 (m, 6H), 1.54 (m, 2H), 1.10 (t, J= 7.0 Hz, 3H); 13C-NMR 
δ: 148.7 (d, J= 17.0 Hz), 137.9 (d, J= 24.3 Hz), 133.9 (d, J= 49.7 
Hz), 129.2 (d, J= 6.8 Hz), 118.5, 43.8 (d, J= 35.6 Hz), 31.3 (d, J= 
6.8 Hz), 29.1 (d, J= 5.6 Hz), 27.7 (d, J= 6.8 Hz), 22.6, 22.5, 14.5; 31P-NMR δ: 142.0. [α]D= 
+257° (c = 1.0, CHCl3). HRMS calcd for C23H28NO2P 318.185 found 318.184. Anal. calcd 
for C23H28NO2P C 72.42, H 7.40, N 3.67 found C 72.50, H 7.42, N 3.59. Mp 88°C. 
Methyl-(8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-phospha-
cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)-propyl-amine (L22). 
1H-NMR δ: 6.98 (m, 4H), 2.52-2.79 (m, 10H), 2.18-2.37 (m, 2H), 
1.70-1.84 (m, 6H) 1.32-1.58 (m, 6H), 0.74 (t, J= 7.4 Hz, 6H); 13C-
NMR δ: 148.7 (d, J= 17.0 Hz), 137.9 (d, J= 24.3 Hz), 133.8 (d, J= 
49.7 Hz), 129.2 (d, J= 6.8 Hz), 118.5, 51.5 (d, J= 36.8 Hz), 31.6 
(d, J= 3.4 Hz), 29.1 (d, J= 6.0 Hz), 27.7 (d, J= 7.2 Hz), 22.6, 22.6, 22.5, 21.5 (d, J= 3.4 
Hz), 11.0; 31P-NMR δ: 142.3. [α]D= +230° (c = 1.3, CHCl3). HRMS calcd for C24H30NO2P 
395.201 found 395.200. 
Ethyl-(8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-phospha-
cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)-propyl-amine (L23). 
1H-NMR δ: 7.02 (m, 4H), 2.52-2.79 (m, 10H), 2.18-2.37 (m, 2H), 
1.71-1.80 (m, 6H), 1.41-1.56 (m, 4H), 0.98 (t, J= 7.0 Hz, 3H), 0.78 
(t, J= 7.2 Hz, 3H); 13C-NMR δ: 148.7 (d, J= 17.0 Hz), 137.9 (d, J= 
24.3 Hz), 133.8 (d, J= 49.7 Hz), 129.2 (d, J= 6.8 Hz), 118.5, 51.5 
(d, J= 36.8 Hz), 31.6 (d, J= 3.4 Hz), 29.1 (d, J= 6.0 Hz), 27.7 (d, J= 7.2 Hz), 22.6, 22.6, 
22.5, 21.5 (d, J= 3.4 Hz), 11.0; 31P-NMR δ: 143.3. [α]D= +222° (c = 1.0, CHCl3). HRMS 
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(8,9,10,11,12,13,14,15-Octahydro-3,5-dioxa-4-phospha-
cyclohepta[2,1-a;3,4-a']dinaphthalen-4-yl)-dipropyl-amine 
(L24). 1H-NMR δ: 6.98 (m, 4H), 2.52-2.79 (m, 10H), 2.18-2.37 
(m, 2H), 1.70-1.84 (m, 6H), 1.32-1.58 (m, 6H), 0.74 (t, J= 7.4 Hz, 
6H); 13C-NMR δ: 148.7 (d, J= 26.5 Hz), 137.8 (d, J= 18.2 Hz), 
133.7 (d, J= 45.9 Hz), 129.1 (d, J= 15.1 Hz), 118.6 (d, J= 11.0 
Hz), 46.4 (d, J= 20.5 Hz), 29.1 (d, J= 7.6 Hz), 27.7 (d, J= 6.8 Hz), 22.8, 22.7, 22.5, 21.8 (d, 
J= 1.9 Hz), 11.2; 31P-NMR δ: 143.5. [α]D= +205° (c = 1.3, CHCl3). HRMS calcd for 
C26H34NO2P 423.232 found 423.233. 
(3,5-Dioxa-4-phospha-cyclohepta[2,1-a;3,4-a']dinaphthalen-4-
yl)-ethyl-propyl-amine (L25). 1H-NMR δ: 7.92 (m, 4H), 7.19-
7.51 (m, 8H), 2.66-3.03 (m, 4H), 1.41-1.56 (m, 2H), 0.99 (t, J= 7.0 
Hz, 3H), 0.83 (t, J=7.6 Hz, 3H); 13C-NMR δ: 150.1 (d, J= 5.3 Hz), 
149.6, 132.7 (d, J= 10.2 Hz), 131.3 (d, J= 36.0 Hz), 130.1 (d, J= 
20.5 Hz), 128.2 (d, J= 5.3 Hz), 127.0 (d, J= 4.5 Hz), 125.9 (d, J= 2.3 Hz), 124.6 (d, J= 12.9 
Hz), 122.1 (d, J= 9.5 Hz), 46.1 (d, J= 27.0 Hz), 38.5 (d, J= 14.4 Hz), 21.7 (d, J= 2.7 Hz), 
14.4, 11.1; 31P-NMR δ: 148.9. [α]D= +473° (c = 1.0, CHCl3). HRMS calcd for C25H24NO2P 
401.154 found 401.153. Anal. calcd for C25H24NO2P C 74.80, H 6.03, N 3.49 found C 
74.80, H 6.36, N 3.50. Mp 59°C. 
Butyl-(3,5-dioxa-4-phospha-cyclohepta[2,1-a;3,4-
a']dinaphthalen-4-yl)-ethyl-amine (L27). 1H-NMR δ: 7.92 (m, 
4H), 7.19-7.51 (m, 8H), 2.66-3.04 (m, 4H), 1.38-1.53 (m, 2H), 
1.16-1.32 (m, 2H), 0.99 (t, J= 7.0 Hz, 3H), 0.85 (t, J= 7.4 Hz, 
3H); 13C-NMR δ: 150.1 (d, J= 5.3 Hz), 149.6, 132.8 (d, J= 10.2 
Hz), 131.2 (d, J= 36.0 Hz), 130.1 (d, J= 20.5 Hz), 128.2 (d, J= 
5.3 Hz), 127.0 (d, J= 4.5 Hz), 125.9 (d, J= 2.3 Hz), 124.6 (d, J= 12.9 Hz), 122.1 (d, J= 9.5 
Hz), 44.1 (d, J= 26.9 Hz), 38.5 (d, J= 14.8 Hz), 30.7 (d, J= 2.6 Hz), 19.8, 14.4, 13.7; 31P-
NMR δ: 149.0. [α]D= +440° (c = 1.1, CHCl3). HRMS calcd for C26H26NO2P 415.170 found 
415.171. Anal. calcd for C26H26NO2P C 75.16, H 6.31, N 3.37 found C 75.20, H 6.27, N 
3.29. Mp 49°C. 
Butyl-(3,5-dioxa-4-phospha-cyclohepta[2,1-a;3,4-
a']dinaphthalen-4-yl)-propyl-amine (L28). 1H-NMR δ: 7.93 
(m, 4H), 7.18-7.51 (m, 8H), 2.69-2.95 (m, 4H), 1.35-1.54 (m, 
4H), 1.11-1.22 (m, 2H), 0.80 (m, 6H); 13C-NMR δ: 150.1 (d, J= 
5.3 Hz), 149.6, 132.8 (d, J= 10.2 Hz), 131.2 (d, J= 36.0 Hz), 
130.1 (d, J= 20.5 Hz), 128.2 (d, J= 5.3 Hz), 127.0 (d, J= 4.5 
Hz), 125.9 (d, J= 2.3 Hz), 124.6 (d, J= 12.9 Hz), 122.2 (d, J= 9.5 Hz), 46.2 (d, J= 20.8 Hz), 
44.2 (d, J= 20.1 Hz), 30.6 (d, J= 1.9 Hz), 21.5 (d, J= 2.3 Hz), 19.8, 13.7, 11.1; 31P-NMR δ: 
148.8. [α]D= +433° (c = 1.1, CHCl3). HRMS calcd for C27H28NO2P 429.185 found 429.184. 


























a']dinaphthalen-4-yl)-amine (L29). 1H-NMR δ: 0.81 (t, J = 
7.0Hz, 6H); 1.12-1.21 (m, 4H); 1.40-1.59 (m, 4H); 2.71-3.05 
(m, 4H); 7.22-7.52 (m, 8H); 7.93 (m, 4H); 13C-NMR δ: δ 13.7; 
19.8; 30.5; 44.2 (d, J = 20.8 Hz); 122.1 (d, J = 9.1 Hz); 124.6 (d, 
J = 12.5 Hz); 125.9; 127.0 (d, J = 4.9 Hz); 128.2 (d, J = 6.0 Hz); 
130.1 (d, J = 20.8 Hz); 131.2 (d, J = 33.8 Hz); 132.8 (d, J = 10.2 Hz); 149.5, 150.1 (d, J = 
5.3 Hz); 31P-NMR δ: 149.0. [α]D= +399° (c = 1.0, CHCl3). HRMS calcd for C28H30NO2P 
443.201 found 443.200. Anal. calcd for C28H30NO2P C 75.83, H 6.82, N 3.16 found C 
76.10, H 7.09, N 3.19. Mp 42°C. 
 (3,5-Dioxa-4-phospha-cyclohepta[2,1-a;3,4-
a']dinaphthalen-4-yl)-dipentyl-amine (L30). 1H-NMR δ: 
7.94 (m, 4H), 7.20-7.54 (m, 8H), 2.72-3.00 (m, 4H), 1.40-1.54 
(m, 4H), 1.09-1.21 (m, 8H), 0.84 (t, J= 7.0 Hz, 6H); 13C-NMR 
δ: 150.1 (d, J= 5.3 Hz), 149.6, 132.7 (d, J= 12.3 Hz), 131.2, 
130.5, 130.1, 129.7, 128.2 (d, J= 11.0 Hz), 126.9 (d, J= 6.8 
Hz), 125.9, 124.6 (d, J= 20.8 Hz), 122.1, 121.9, 44.4 (d, J= 33.2 Hz), 28.7, 28.1, 22.2, 13.9; 
31P-NMR δ: 149.0. [α]D= +366° (c = 1.0, CHCl3). HRMS calcd for C30H34NO2P 471.232 
found 471.233. Anal. calcd for C30H34NO2P C 76.41, H 7.27, N 2.97 found C 75.40, H 
7.23, N 2.96. 
3-Hex-1-enyl-cyclohexanone (6.14). In a flame dried Schlenk tube 
flushed with nitrogen, 2.6 mg ( 0.01 mmol, 2 mol%) of 
Rh(acac)(eth)2 and 9.0 mg (0.025 mmol, 5 mol%) of 
phosphoramidite L3 were dissolved in 1 ml of anhydrous dioxane. 
After stirring for 15 min at rt, 49 µl (0.5 mmol) of 6.1 and 0.1 ml of 
water were added and the mixture was degassed. After the addition of 256 mg (2.0 mmol) 
of 6.13, the resulting mixture was heated at 100°C for 3h. The solution was subsequently 
cooled to room temperature, quenched with sat. NaHCO3 and extracted with diethyl ether. 
The organic phase was dried on sodium sulfate, concentrated and purified by column 
chromatography (pentane:ethyl acetate 15:1 Rf 0.5) to give 18 mg (0.1 mmol, 20% yield) of 
6.14 as a colorless oil. Spectral data were in accordance with literature.29 Enantiomer 
separation on a Chiralpak AS column, heptanes/isopropanol 99/1, 210 nm, 5.6 / 6.1 min 
(HPLC). 
General procedure A. Synthesis of potassium aryltrifluoroborates. 
According to a modified literature procedure.12 To a solution of 5.0 mmol of arylboronic 
acid in 2 ml of methanol, a saturated aqueous solution of 1.28 g (16.6 mmol) of KHF2 was 
added dropwise. After 5 min of stirring at room temperature the solvents were removed in 
vacuo at 50°C. The residual solids were thoroughly dried for at least 1 h under high vacuum 
and subsequently extracted with 2 x 30 ml of acetone at room temperature and 2 x 30 ml of 
acetone at reflux. The combined extracts were filtered and the solvent was evaporated 

















Asymmetric conjugate addition of organotrifluoroborates 
Potassium phenyltrifluoroborate (6.17). According to general procedure 
A, 610 mg (5.0 mmol) of phenylboronic acid gave 857 mg (4.7 mmol, 93% 
yield) of 6.17. 1H-NMR δ: 7.49 (m, 2H), 7.10 (m, 3H); 13C-NMR δ: 132.0 
(d), 126.7 (d), 125.6 (d); 19F-NMR δ: -143.5 (q, JB-F=51 Hz). 
 
Potassium 4-tolyltrifluoroborate (6.18). According to general procedure 
A, 680 mg (5.0 mmol) of 4-tolylboronic acid gave 960 mg (4.8 mmol, 
97% yield) of 6.18. 1H-NMR δ: 7.35 (d, J=7.6 Hz, 2H), 6.90 (d, J=7.6 Hz, 
2H), 2.18 (s, 3H); 13C-NMR δ: 132.1 (d), 127.4 (d), 21.0 (q); 19F-NMR δ: 
-143.0 (br d, JB-F=65 Hz). Anal. calcd for C7H7BF3K C 42.45, H 3.56 found C 42.30, H 
3.20. 
Potassium 3-chlorophenyltrifluoroborate (6.19). According to 
general procedure A, 782 mg (5.0 mmol) of 3-chlorophenylboronic acid 
gave 1.0 g (5.0 mmol, 99% yield) of 6.19. 1H-NMR δ: 7.36 (m, 2H), 
7.04 (m, 2H); 13C-NMR δ: 131.8 (d), 130.2 (d), 128.4 (d), 125.4 (d); 
19F-NMR δ: -144.1 (br d, JB-F=63 Hz). Anal. calcd for C6H4BF3K C 32.99, H 1.85 found C 
35.5, H 2.54. 
Potassium 3-methoxyphenyltrifluoroborate (6.20). According to 
general procedure A, 760 mg (5.0 mmol) of 3-methoxyphenylboronic 
acid gave 961 mg (4.5 mmol, 90% yield) of 6.20. Spectral data were in 
accordance with literature.30 
Potassium 3-thiophenetrifluoroborate (6.21). According to general 
procedure A, 640 mg (5.0 mmol) of 3-thiopheneboronic acid gave 885 mg 
(4.7 mmol, 93% yield) of 6.21. Spectral data were in accordance with 
literature.30 
Potassium vinyltrifluoroborate (6.7). According to a literature procedure,12 
100 ml (0.1 mol) of vinylmagnesiumbromide (1.0M in THF) gave 7.5 g (56 
mmol, 56% yield) of 6.7 as a white solid. Spectral data were in accordance with literature.12 
Potassium 1-hexyn-1-yl-trifluoroborate (6.24). According to a 
literature procedure,14 820 mg (10 mmol) of 1-hexyne gave 572 mg 
(3.0 mmol, 30% yield) of 6.24 as a white solid. Spectral data were 
in accordance with literature.14 
Potassium methyltrifluoroborate (6.26). According to a literature 
procedure,18 5.0 g (40 mmol) of trimethylboroxine gave 13.3 g (109 mmol, 
91% yield) of 6.26 as a white solid. Spectral data were in accordance with literature.18 
Tetra-n-butylammonium vinyltrifluoroborate (6.27). To a vigorously 
stirred suspension of 402 mg (3.0 mmol) of 6.7 in 5 ml of CH2Cl2, was 
added 2.0 ml (3.0 mmol) of nBu4NOH (1.5M in H2O). After 10 min the reaction mixture 
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phase extracted with 2 x 10 ml of CH2Cl2. The combined organic layers were dried on 
magnesium sulfate, filtered and the solvent was removed under reduced pressure to give 
889 mg (2.6 mmol, 88% yield) of 6.27 as a yellow solid. 1H-NMR δ: 6.00 (m, 1H), 5.38 (m, 
2H), 3.19 (q, J = 4.4 Hz, 8H), 1.59 (m, 8H), 1.41 (m, 8H), 0.98 (t, J = 3.8 Hz, 12H); 13C-
NMR δ: 120.4 (t), 58.4 (t), 23.8 (t), 19.5 (t), 13.5 (q); 19F-NMR δ: -143.7 (q, J = 25 Hz). 
Tetra-n-butylammonium phenyltrifluoroborate (6.28). According to 
the procedure described above for 6.27, 552 mg (3.0 mmol) of 6.17 
gave 1.0 g (2.7 mmol, 88% yield) of 6.28 as a white solid. Spectral data 
were in accordance with literature.17 
Potassium propenyltrifluoroborate (6.29). According to general 
procedure A, 430 mg (5.0 mmol) of trans-propenylboronic acid gave 358 
mg (2.4 mmol, 48% yield) of 6.29 as a white solid. 1H-NMR δ: 5.67 (m, 1H), 5.40 (m, 2H), 
1.58 (m, 3H); 19F-NMR δ: -143.2 (q, J=22 Hz). 
 
General procedure B. Rhodium-phosphoramidite catalyzed ACA of 
organotrifluoroborates. 
In a flame dried Schlenk tube flushed with nitrogen, 2.58 mg (0.01 mmol, 2 mol%) of 
Rh(acac)(eth)2 and 0.025 mmol (5 mol%) of phosphoramidite ligand were dissolved in 2 ml 
of absolute ethanol. After stirring for 15 min at room temperature, 0.5 mmol of enone and 
2.0 mmol of organotrifluoroborate (4 equivalents) were added and the resulting mixture 
was stirred at reflux for the indicated time. The reaction mixture was subsequently cooled 
to room temperature, quenched with saturated aqueous NaHCO3 and extracted three times 
with diethyl ether. The combined organic layers were washed with brine and dried over 
Na2SO4, concentrated and purified using column chromatography. 
When the course of the reaction (conversion and e.e.) was followed with chiral GC, 10 µl of 
n-tridecane was added as an internal standard and the initial sample was taken prior to the 
addition of the organotrifluoroborate. During the reaction, samples of 0.1 ml were taken 
from the reaction mixture with a glass pipette and added to 1ml of a stirred mixture of 
diethyl ether: saturated aqueous NaHCO3 (1:1). After a few minutes the organic layer was 
decanted, filtered over Na2SO4, and subjected to GC or HPLC analysis. 
3-Vinyl-cyclohexanone (6.8). According to general procedure B, 96 mg (1.0 
mmol) of 6.1 gave 24 mg (0.2 mmol, 20% yield) of 6.8 as a volatile colorless 
oil after column chromatography (pentane:ethyl acetate 10:1 Rf 0.6). Spectral 
data were in accordance with literature.31 1H-NMR δ: 5.78 (m, 1H), 5.04 (dt, 
J=6.6, 1.4 Hz, 1H), 4.97 (d, J=1.2 Hz, 1H), 2.48-1.45 (m, 9H); 13C-NMR δ: 
211.1 (s), 141.1 (d), 113.7 (t), 46.8 (t), 42.2 (d), 41.2 (t), 30.9 (t), 24.9 (t). MS (ESI) 125 
[M+H]+. Enantiomer separation on a Chiraldex A-TA column, 30m x 0.25 mm x 0.12 µm, 
90oC isothermic, 11.8 / 12.4 min or a Chiraldex B-TA column, 30m x 0.25 mm x 0.12 µm, 













Asymmetric conjugate addition of organotrifluoroborates 
3-Phenyl-cyclohexanone (6.16). According to general procedure B, 
spectral data were in accordance with literature.32 Enantiomer separation on 
a Chiraldex A-TA column, 30m x 0.25 mm x 0.12 µm, 120oC isothermic, 
59.5 / 61.5 min (GC). 
 
 
3-Propenyl-cyclohexanone (6.31). According to general procedure B, 
spectral data were in accordance with literature.33 Enantiomer separation 
on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 105oC 
isothermic, 10.1 / 10.3 min (GC). 
 
3-Styryl-cyclohexanone (6.32). According to general procedure B, 
spectral data were in accordance with literature.34 Enantiomer 
separation on a Chiralpak OD column, heptanes/isopropanol 99/1, 210 
nm, 20.6 / 22.7 min (HPLC). 
 
3-p-Tolyl-cyclohexanone (6.33). According to general procedure B, 
spectral data were in accordance with literature.2 Enantiomer separation 
on a Chiralpak AS column, heptanes/isopropanol 99/1, 210 nm, 11.7 / 
12.6 min (HPLC). 
 
3-(3-Chloro-phenyl)-cyclohexanone (6.34). According to general 
procedure B, spectral data were in accordance with literature.8 
Enantiomer separation on a Chiralpak OD column, heptanes/isopropanol 
95/5, 210 nm, 7.6 / 8.1 min (HPLC). 
 
3-(3-Methoxy-phenyl)-cyclohexanone (6.35). According to general 
procedure B, spectral data were in accordance with literature.2 
Enantiomer separation on a Chiralpak OD column, 
heptanes/isopropanol 95/5, 210 nm, 12.6 / 14.0 min (HPLC). 
 
3-Thiophen-3-yl-cyclohexanone (6.36). According to general procedure 
B, spectral data were in accordance with literature.23 Enantiomer separation 
on a Chiraldex A-TA column, 30m x 0.25 mm x 0.12 µm, 125oC 
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3-Phenyl-cyclopentanone (6.40). According to general procedure B, spectral 
data were in accordance with literature.2 Enantiomer separation on a 
Chiralpak OBH column, heptanes/isopropanol 99/1, 210 nm, 35.0 / 37.2 min 
(HPLC). 
 
4-Phenyl-tetrahydro-pyran-2-one (6.41). According to general procedure 
B, spectral data were in accordance with literature.2 Enantiomer separation 
on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 150oC 
isothermic, 14.3 / 17.0 min (GC). 
 
3-Phenyl-cycloheptanone (6.42). According to general procedure B, 
spectral data were in accordance with literature.2 Enantiomer separation 
on a Chiralpak OD column, heptanes/isopropanol 95/5, 210 nm, 6.9 / 7.4 
min (HPLC). 
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Parallel synthesis of phosphoramidite 
ligand libraries for high throughput 
experimentation 
7.1   Introduction 
Among the first and best known applications of phosphoramidites (a trivalent phosphorus 
compound with (RO)2PNR2 as a general structure) is their role as activated monomers (7.1) 

















Scheme 7.1 Phosphoramidite as an activated monomer in oligonucleotide synthesis. 
In 1994 phosphoramidite L1 (MonoPhos) was developed by Ron Hulst in our group as a 
chiral derivatizing agent for the e.e. determination of alcohols and amines by means of 31P-
NMR,2 but it proved to be unreactive towards nucleophilic attack. This unexpected high 
stability in combination with initial reports about the use of trivalent phosphorus 
compounds in asymmetric catalysis,3,4 led in 1996 to the first application of L1 by André de 
Vries in our group as a chiral ligand for the copper-catalyzed asymmetric conjugate 
























   
Chapter 7 
 
This encouraging result eventually led to the development of chiral monodentate 
phosphoramidites as a highly successful novel class of ligands for various catalytic 
reactions as outlined in Chapter 1. 
7.2   Synthetic routes to phosphoramidites 
The widespread use of chiral monodentate phosphoramidites as ligands for asymmetric 
catalysis is stimulated by their facile and modular synthesis. There are currently four 






































































THF, -15oC  
Scheme 7.3 Preparation of monodentate phosphoramidite ligands. 
The most efficient route is the phosphorylation of chiral diols with a phosphorous triamide.2 
Under the influence of a catalytic amount of ammonium chloride, the phosphoramidites are 
obtained in a single step and excellent yields (Equation 1 in Scheme 7.3). Although this 
procedure is limited to commercially available phosphorous triamides as a source of the 
amine moiety, the dimethylamino-based phosphoramidites can serve as a starting point for 
the synthesis of phosphoramidites with other substituents at the amine moiety. Inspired by 
the alcoholysis of phosphoramidites in the solid phase oligonucleotide synthesis (Scheme 
7.1), a procedure was developed by Adri Minnaard in our group, which is based on amine 
exchange using tetrazole as a catalyst.7 This transamination process can be used for the 
synthesis of phosphoramidites based on non-bulky and non-volatile amines (Equation 2).8 
By far the most versatile route is a two step procedure starting with the synthesis of a 
phosphorochloridite by the reaction of a diol with phosphorus trichloride (PCl3). If the 
phosphorochloridite is subsequently allowed to react with a primary or secondary amine in 
the presence of Et3N, the corresponding phosphoramidite is obtained in good yield and 
under mild conditions. For the case of sterically demanding amines the use of its lithiated 
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the amine (Equation 4),10,11 but the high stability of the phosphorochloridite makes the route 
of Equation 3 the most attractive. 
7.3   Preparative scale synthesis of phosphoramidite ligands 
The most frequently applied phosphoramidite ligands in asymmetric catalysis are based on 
chiral diols like BINOL (7.5) or derivatives such as 8H-BINOL (7.6) and 3,3’-dimethyl-
BINOL (7.7), as the backbone for the ligand. If the phosphoramidite contains a chiral amine 
moiety, the achiral diols 7.8 or 7.9 can also be used as a backbone. In case of ligands based 
on 7.8 it is possible that the chiral amine induces chirality into the flexible atropoisomeric 
backbone.12 A large variety of ligands with different substituents at the amine moiety can 
be easily obtained by a divergent synthesis via the phosphorochloridite (Equation 3 in 
Scheme 7.3). The most common synthesis of these phosphorochloridites is based on the 
reaction between equimolar amounts of diol and PCl3 in the presence of a base at low 
































Scheme 7.4 Phosphorochloridite synthesis. 
The practicality of this method is, however, hampered by the fact that diols 7.5-7.7 are only 
moderately soluble in toluene and because the corresponding diphosphites are formed as a 
side product, or even as the sole product. Because it was known that an excess of PCl3 
could prevent the formation of the diphosphite,13 a procedure developed by the group of 
Nozaki was tried and proved to be the most practical way to prepare the 
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Using PCl3 as the solvent, BINOL (7.5) is refluxed overnight after which the excess PCl3 is 
removed by azeotropic distillation to give phosphorochloridite 7.10 quantitatively as a 
white solid on gram scale. There is no need for a base since the hydrochloric acid produced 
is removed by the high temperature (78°C), which avoids a purification step for the 
removal of salts. This procedure could also be employed for the synthesis of the 
phosphorochloridites based on diols 7.6-7.8. The phosphorochloridites of catechol (7.9), 
glycol and pinacol are commercially available. Another main advantage of this method is 
that the obtained phosphorochloridites can be stored as a stock solutions in anhydrous 
toluene, which are stable for at least 6 months. These stock solutions can be used in the 
divergent synthesis of various phosphoramidites, making it possible to obtain 300 mg of 




























Scheme 7.6 Phosphoramidite synthesis using a stock solution. 
For simple primary and secondary amines, like 7.11, triethylamine is preferred as a base. A 
high purity of the amine is essential in order to obtain a high yield, and therefore they are 
distilled immediately before use. For more sterically demanding amines like 7.12, 
butyllithium is the most suitable base, although it can lead to the formation of more side 
products and consequently a slightly lower yield. 
7.4   Synthesis of solution phase phosphoramidite ligand libraries 
The above mentioned procedure leads to a highly practical synthesis for large quantities 
(gram scale) of individual phosphoramidite ligands. During the optimization of 
phosphoramidite based catalysts, as described in the preceding chapters, there is, however, 
a need for a large number of structurally diverse phosphoramidites and relatively small 
quantities are sufficient. Combinatorial techniques such as the one-pot multi-substrate 
screening (Chapter 2) and the monodentate ligand combination approach (Chapter 5) speed 
up the catalyst optimization process.15,16 If the phosphoramidite ligands could in addition 
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period needed for catalyst optimization. This has recently been demonstrated by the group 
of de Vries, which screened a library of 32 different phosphoramidite ligands in the 
rhodium catalyzed asymmetric hydrogenation.17 We have used their procedure for the 
synthesis of a solution phase ligand library of 96 different phosphoramidites.18 
As outlined in Chapter 1.7, the most effective approach in combinatorial asymmetric 
catalysis is to perform parallel reactions (one catalyst per vial) followed by high throughput 
screening.19-21 The ligands in the libraries screened by this approach have mostly been 
synthesized one at a time or by automated solid phase procedures.22 Whereas the former 
method can be very time consuming, in case of the latter the translation of solution phase 
chemistry to the solid phase and vice versa can be quite problematic,23 as illustrated by 
recent examples of solid phase bound phosphoramidites.24-26 We used an automated 
solution phase parallel synthesis for the preparation of a 96 member phosphoramidite 
ligand library, since it allowed the use of existing solution phase synthetic methodology for 
the preparation of phosphoramidites. The synthesis of the phosphoramidites could be 
further simplified and made suitable for automation by performing the reaction at room 

















Scheme 7.7 Phosphoramidite ligand synthesis at room temperature. 
According to Scheme 7.7, the reaction of stoichiometric amounts of phosphorochloridite, 
amine and base lead to the formation of the desired ligand and a precipitate of the 
triethylamine HCl salt. A simple filtration gives a toluene solution of the phosphoramidite 
ligand. The automation of the synthesis is achieved by using all reagents as stock solutions, 
which are transferred by a liquid handling robot placed in a glove box. The chromatography 
normally performed at the end of the synthesis is replaced by filtration, not only because it 
enables the use of an automated procedure, but also because phosphoramidites based on 
primary and/or aromatic amines tend to decompose during this step. For the parallel 
synthesis of the 96 ligand library according to Figure 7.1, toluene stock solutions of three 
phosphorochloridites based on BINOL (7.10), 8H-BINOL (7.13) and 3,3’-dimethyl-BINOL 























Figure 7.1 Phosphoramidite ligand library synthesis. 
The subsequent addition of a stoichiometric amount of triethylamine to each of the 96 wells 
was followed by the addition of a stoichiometric amount of 32 different amines (Table 7.1) 
to each area of phosphorochloridite, leading to 96 different crude phosphoramidite ligands 
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orbital shaker, the precipitated triethylamine hydrochloric acid salts were removed via 
parallel filtration. By placing the oleophobic filterplate on top of a 96-well microplate and 
applying a vacuum, a ligand library of 96 clear stock solutions of phosphoramidites in 
toluene was obtained. 
Table 7.1 Amines used 


































































In order to create a ligand library that could be used for lead finding, a large variety of 
amines was used. This gave three types (1a-8d, 1e-8h, and 1i-8l) of structurally diverse 
phosphoramidites based on primary and secondary amines with chiral and achiral 
substituents as well as aromatic and aliphatic substituents. 31P-NMR of phosphoramidite 
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7.5   Applications of solution phase phosphoramidite ligand libraries 
Since the ligand library was designed for lead finding, the rhodium catalyzed asymmetric 
conjugate addition (ACA) of potassium vinyltrifluoroborate (7.15) to cyclohexenone (7.3) 
provided an ideal case for the screening of the library (Table 7.2). Optimization of the 
phosphoramidite ligand structure for this reaction via rational design as described in 
Chapter 6, led to ligand 1f, based on 8H-BINOL and diethylamine, as the most successful 
phosphoramidite. Phosphoramidites based on primary and aromatic amines, however, were 
not examined during this optimization, in part due to their more troublesome purification. 
In order to establish a valid protocol for the screening of the entire library, four ligands out 
of the library were used in the ACA of 7.15 to 7.3 and the results were compared with those 
obtained previously with phosphoramidites that were synthesized on a preparative scale and 
purified by column chromatography (Table 7.2). 










7.15 7.16  
purified ligands solution phase ligands ligand 
(position) conversion (%)a e.e. (%)a conversion (%)a e.e. (%)a 
1f 99 88 55 86 
8e 96 86 72 83 
4d 66 85 25 77 
3c 86 66 35 64 
aDetermined by chiral GC. 
This demonstrated that the results obtained with the unpurified solution phase 
phosphoramidite ligands are close to those obtained with purified ligands. More 
importantly, the trend in e.e. values remains intact, allowing comparison of the ligands with 
the library. The lower conversion can be attributed to the fourfold lower concentration of 
the reagents in case of the solution phase ligands, but this is not a critical issue since the e.e. 
values are independent of the conversion. To our delight the presence of 5 vol.% toluene, 
from the ligand stock solution, does not have a negative effect upon the e.e. After these 
encouraging results, the entire solution phase ligand library was tested in the reaction of 
Table 7.2 with an automated procedure. Using the liquid handling robot, a part of the stock 
solution in each well of the entire library was transferred to 96 corresponding reaction vials, 
followed by an ethanol stock solution of the rhodium precursor and substrate 7.3. After the 
addition of trifluoroborate 7.15, the vials were sealed, placed in a Premex 96-Multi 
Reactor,27 and heated at reflux for two hours. Analysis of the reaction mixture by chiral GC 














Figure 7.2 Results of the library screening for 7.3. 
Due to the large number of results, 96 e.e. values and 96 conversions, no quantitative data 
are given here (see Experimental section) but a specific color was assigned to each interval 
of 10% of e.e. and conversion. This allows a quick visual identification of the most active 
and selective catalysts (orange/red). All the phosphoramidites based on 3,3’-dimethyl-
BINOL (7.7) show a low activity and selectivity for the ACA of 7.15 to 7.3, with ligand 5k 
based on aniline as the best with 21% conversion and 50% e.e. This is in line with the low 
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activity and selectivity observed for 3,3’-disubstituted phosphoramidite ligands in the 
rhodium-catalyzed ACA of phenylboronic acid to nitrostyrenes (Chapter 4). The BINOL 
(7.5) and 8H-BINOL (7.6) based ligands perform much better in most cases. They display 
almost identical structure-selectivity and structure-activity relationships. Catalysts based on 
the latter ligands lead to a slightly higher e.e. and about 30% more conversion than the 
former. The use of ligands based on primary aromatic amines results in low conversions 
(up to 39% for 5g) and e.e. values (up to 35% for 1h). Phosphoramidites based on primary 
aliphatic amines lead to higher e.e. values (up to 53% for 6g), but lower conversions (up to 
19% for 6k). Secondary aromatic amines lead to moderate e.e. values and low conversions 
(48% e.e., 22% conversion for 5e). The best results are obtained with phosphoramidite 
ligands based on secondary aliphatic amines, and both high conversions and e.e. values are 
obtained. Phosphoramidite 1f proved to be the most effective ligand, giving 87% e.e. and 
81% conversion. Amines used for the synthesis of ligands 3b,f,j, 3d,h,l, and 4a,e,i were 
used as mixtures of stereoisomers, leading to diastereomeric ligands and catalysts. The fact 
that 4a and 4e are still able to achieve high conversions (up to 62%) and e.e. values (up to 
73%), suggests that the screening of the individual stereoisomers could lead to more 
effective catalysts. This point is illustrated by the fact that the use of phosphoramidites 2d 
and 2h lead to higher conversions and e.e. values than 3a and 3i. 
In addition to cyclic enone 7.3, the more challenging acyclic enone benzylidene acetone 
(7.17) was used in the screening of the library. This represents a substrate which, to the best 











Scheme 7.8 Rhodium-catalyzed ACA of 7.13 to 7.17. 
The reaction was performed overnight in a similar fashion as for 7.3, and the conversions 
and e.e. values were determined by chiral GC. The results are shown in Figure 7.3 (p. 146), 
with colors assigned to each interval of 5% due to the lower e.e. values. As in the case of 
cyclic enone 7.3, phosphoramidites based on 3,3’-dimethyl-BINOL (7.7) lead to low 
conversions and e.e. values (up to 22% and 29% for 4l), even after 16 hours. Ligands based 
on BINOL (7.5) and 8H-BINOL (7.6) lead to much more effective catalysts that are able to 
reach full conversion. But in contrast to the previous case, the former lead to slightly higher 
e.e. values. The most effective ligands, which result in moderate e.e. values so far, are 
based on cyclic amines containing ester substituents such as 3d (42% e.e.) and 4b (44% 
e.e.). The screening of a more focused library based on this type of amine, including the 
single stereoisomers, will undoubtedly lead to the identification of a more selective catalyst 
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In a seminal paper from the group of Reetz in 2001,28 it was demonstrated that, under the 
influence of a rhodium-diphosphonite catalyst, the protonation step in the catalytic cycle of 
the conjugate addition could be used for the introduction of enantioselectivity (see Chapter 
4.2 for the mechanism). The conjugate addition of phenylboronic acid (7.20) to 7.19, under 
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Scheme 7.9 Conjugate addition with subsequent enantioselective protonation. 
When 3 equivalents of sodium fluoride are added, the e.e. increases to 77%, which suggests 
that the in situ formation of a phenyltrifluoroborate is responsible for this effect. This 
conjugate addition of arylboron compounds followed by enantioselective protonation holds 
promise as the most direct route to phenylalanine derivatives, especially when the substrate 
contains the easily removable formyl protecting group as in 7.22. To see whether a 
rhodium-phosphoramidite catalyst is suitable for this purpose, the conjugate addition of 








 (dioxane/water 10/1) 89% conv. 17% e.e.









Scheme 7.10 Rh-phosphoramidite catalyzed conjugate addition and enantioselective 
protonation. 
To our delight, a catalyst based on Rh(acac)(eth)2 and phosphoramidite L1 gave high 
conversions to 7.24, and a moderate e.e. of 35% when ethanol was used as solvent and 
proton donor. Screening of the ligand library under these conditions gave the results shown 
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Figure 7.4 Results of the library screening for 7.22. 
The e.e. values obtained with phosphoramidite ligands based on 8H-BINOL (7.6) as the 
backbone, are clearly superior to those based on BINOL (7.5) and 3,3’-dimethyl-BINOL 
(7.7), although the improvement with respect to the results using L1 is small. These results 
suggest that the general structure of an effective ligand for this reaction has to be based on 
8H-BINOL and a functionalized cyclic amine, such as 2h (38% e.e.), 3h (32% e.e.), and 4f 
(35% e.e.). 
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7.6   Cascade synthesis and catalysis 
In the automated synthesis of solution phase phosphoramidite libraries, the purification of 
the ligands is restricted to a simple filtration in order to remove the precipitated 
triethylamine HCl salt (Figure 7.1). The removal of this salt proved to be essential, because 
omitting the filtration led to inactive catalysts in the rhodium-catalyzed asymmetric 
hydrogenation.17 The filtration and subsequent transfer of the ligand stock solutions to the 
reaction vials are in fact two additional steps that are performed after the actual ligand has 
been synthesized. If the filtration step could be avoided, it would lead to an even simpler 
protocol. The detrimental effect of the triethylamine HCl salt in the rhodium-catalyzed 
hydrogenations can be attributed to the acidic properties which might affect the ligand, or 
the interaction of chloride with rhodium. On the basis of the results described in Chapter 
6.5, these effects are not expected to inhibit the ACA of organotrifluoroborates. Therefore 
we decided to perform a cascade experiment in which the synthesis of the ligand is 


























Scheme 7.11 Cascade synthesis and catalysis for the ACA of 7.15. 
The ligand was synthesized by stirring equimolar amounts of toluene stock solutions of 
phosphorochloridite 7.13, triethylamine, and diethylamine (7.25) at room temperature. 
After 1 hour, ethanol stock solutions of the rhodium precursor and reagents were added to 
the same tube, and heated at reflux for 3 hours. Chiral GC analysis showed almost complete 
conversion and a high e.e. of 85% for 7.16, which is nearly identical to the results obtained 
with the purified and the solution phase ligand 1f (81% conv., 87% e.e.). The apparently 
negligible effect of the triethylamine HCl salt upon the ACA of organotrifluoroborates 
allows an even faster evaluation of a rhodium-phosphoramidite catalyst for this type of 
reaction. This procedure might also be applied in the copper-catalyzed ACA of dialkylzinc 
reagents, because traces of chloride can even have a beneficial effect upon this type of 
reaction (Chapter 2.5). It might even be extended to the rhodium-catalyzed asymmetric 
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7.7   Further developments 
During the course of our research the group of Frost demonstrated that the diphosphite, 
which was formed as a side product in our initial phosphoramidite synthesis (Scheme 7.4), 


























Scheme 7.12 Diphosphite as a chiral ligand. 
Using the same procedure as employed by the group of Reetz, almost identical results are 
obtained for 7.21 with the diphosphite ligand. Shortly thereafter the group of Darses and 
Genet employed potassium aryltrifluoroborates in this reaction, and obtained e.e. values of 















Scheme 7.13 Guaiacol as a proton source. 
In order the obtain a high e.e. the use of 1 equivalent of guaiacol (7.26) as the proton source 
was essential, because the use of other proton sources such as water gave much lower e.e. 
values. 
7.8   Conclusions 
Of the four synthetic routes for obtainment of phosphoramidite ligands, the phosphorylation 
of chiral diols with a phosphorus triamide is a highly efficient route, but limited by the 
small number of commercially available phosphorus triamides. Phosphoramidites with 
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divergent synthesis starting with a phosphorochloridite. These phosphorochloridites are 
commercially available or quickly obtained by refluxing a diol in PCl3 as a solvent. For the 
screening and optimization of phosphoramidite based catalysts, solution phase libraries of 
phosphoramidite ligands are a powerful tool. A library of 96 different phosphoramidites 
was synthesized via an automated parallel procedure, and screened in enantioselective C-C 
and C-H bond formation. Although the ligands within the library have been synthesized on 
a relatively small scale (~20 mg each), it is sufficient for the screening of 4 to 5 different 
reactions. In case of the ACA of potassium vinyltrifluoroborate to cyclohexenone, the 
results of the solution phase library confirmed within 3 days those obtained by rational 
design in 3 months. For the ACA of potassium vinyltrifluoroborate to benzylidene acetone 
promising results have been found for ligands based on cyclic amines with ester 
substituents, suggesting that a second (weakly) coordinating group might be favorable. The 
screening of a more focused library might lead to a highly selective catalyst for the ACA of 
organoboron compounds to acyclic enones. Application of the library in the rhodium-
phosphoramidite catalyzed tandem conjugate addition – enantioselective protonation 
revealed that ligands based on functionalized cyclic amines were also the most effective for 
this reaction. In this case the screening of a more focused library in combination with 
several proton donors is likely to improve the moderate e.e. values obtained so far. The 
most time consuming step in these experiments is the determination of the e.e. values and 
the conversions. With the use of short chiral GC runs (< 15 min) in combination with an 
autosampler, it was possible to perform these analyses in about 24 h. For the case of less 
volatile compounds an analogous chiral HPLC method would need to be applied. The use 
of a genuine high throughput analysis (> 1000 samples a day),21,33 preferably based on a 
color assay,34 would be highly effective. Although the removal of the triethylamine HCl salt 
is essential for the screening of ligand libraries in rhodium-phosphoramidite catalyzed 
hydrogenations, it can be omitted for the rhodium-phosphoramidite catalyzed ACA of 
potassium organotrifluoroborates. This led to an experiment in which the phosphoramidite 
ligand is synthesized, complexed to rhodium, and applied as a catalyst in the ACA of 
potassium vinyltrifluoroborate to cyclohexenone in a one-pot procedure with almost 
identical results compared to the use of  a purified ligand. A combination of this cascade 
synthesis and catalysis with the automated parallel procedure, and in an ideal case also the 
multi-substrate method (Chapter 2) and the monodentate ligand combination approach 
(Chapter 5), would lead to a very rapid screening and optimization of phosphoramidite 
based catalysts. 
7.9   Experimental section 
For general information see Chapters 2 and 4. For the library synthesis, reagent grade dried 
solvents were purchased from Fluka and used as received. Amines and enones were used as 
received; 2,3-dimethyl-2,3-dihydro-1H-indole, ethyl nipecotate, and perhydroisoquinoline  
were used as mixtures of stereoisomers. Dehydroamino acid 7.22 was kindly provided by 
Lavinia Panella. Synthesis and screening of the solution phase phosphoramidite ligand 
library was performed at DSM Pharma Chemicals under the guidance of Laurent Lefort and 
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equipped with 4 probes and placed inside a glove box. Whatman PKP 2mL 96-well filter 
plates in combination with the UniVac 3 vacuum manifold were used to perform the 
parallel filtration of the ligand library. The reactions were carried out in a Premex 96-Multi 
Reactor that can accommodate 96 reactions vessels at the same temperature. 
General procedure A. Preparative scale synthesis of phosphoramidite ligands via the 
phosphorochloridite, (S)-L2, (R,R)-L4 and (R,R)-L5. 
To a Schlenk vessel containing 3.0 g (10.5 mmol) of (S)-BINOL 
(7.5) was added 12 ml of PCl3. The resulting suspension was 
refluxed overnight and excess PCl3 was removed in vacuo. 
Anhydrous toluene (3 x 5 ml) was added and the remaining PCl3 was 
removed by azeotropic distillation to give a white foam after 
thorough removal of all volatiles under high vacuum. The resulting 
phosphorochloridite 7.10 (3.6 g, 10.5 mmol, 100% yield, 1H-NMR 
δ: 8.01 (m, 4H), 7.56 (m, 8H); 31P-NMR δ: 177.6) was dissolved in 10.5 ml of anhydrous 
toluene and stored as a stock solution.  
To 1.5 ml of a 1.0 M solution of 7.10 in toluene (1.5 mmol) was 
added 10 ml of anhydrous THF and the solution was cooled to 
0 oC. Triethylamine (0.52 ml, 3.7 mmol) was added, followed 
by 0.2 ml (1.65 mmol) of N-ethylpropylamine (7.11), and the 
solution was stirred at 0 oC for 1h. Diethylether (10 ml) was 
added and the reaction mixture was filtered, concentrated under 
reduced pressure and purified by column chromatography 
(heptanes/ethyl acetate 8/1 Rf 0.7) to give 451 mg (1.1 mmol, 75%) of (S)-L2 as a white 
foam after repetitive stripping with CH2Cl2 at the rotatory evaporator. For spectral data see 
Chapter 6. 
Starting from commercially available 2-chloro-1,3,2-dioxaphospholane, 
following the procedure described above, 519 mg (1.6 mmol, 55%) of 
(R,R)-L4 was obtained as colorless crystals after purification by column 
chromatography (heptanes/ethyl acetate 6/1 Rf 0.6). 1H-NMR δ: 7.10 (m, 
10H), 4.43 (m, 2H), 4.31 (m, 1H), 4.11 (m, 1H), 3.94 (m, 2H), 1.67 (d, 
J=7.2 Hz, 6H); 13C-NMR δ: 143.1 (d, J= 1.6 Hz), 127.7, 127.6, 126.4, 64.0 (d, J= 7.7 Hz), 
63.6 (d, J= 8.5 Hz), 52.5 (d, J= 9.9 Hz), 22.3 (d, J= 9.9 Hz); 31P-NMR δ: 143.2. [α]D= 
+228° (c = 1.2, CHCl3). MS (CI) 334 [M+NH4]+. Anal. calcd for C18H22NO2P C 68.56, H 
7.03, N 4.44 found C 68.45, H 7.34, N 4.40. Mp 69°C. 
Starting from commercially available 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane, following the procedure described above, 551 mg 
(1.5 mmol, 50%) of (R,R)-L5 was obtained as a colorless oil after 
purification by column chromatography (heptanes/ethyl acetate 10/1 Rf 
0.6). 1H-NMR δ: 7.07 (m, 10H), 4.66 (m, 2H), 1.66 (d, J= 7.2 Hz, 6H), 
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127.8, 127.6, 126.2, 81.1 (d, J= 4.6 Hz), 51.5 (d, J= 10.6 Hz), 26.3, 25.7, 25.6, 25.5; 31P-
NMR δ: 143.7. [α]D= +206° (c = 1.3, CHCl3). MS (CI) 334 [M+NH4]+. 
General procedure B. Preparative scale synthesis of phosphoramidite ligands via 
phosphorylation, (S)-L6. 
To a suspension of 286 mg (1.0 mmol) of (S)-BINOL (7.5) in 3 
ml of anhydrous toluene was added 1 crystal of NH4Cl followed 
by 321 µl (1.4 mmol) of tris(1-pyrrolidinyl)-phosphine. The 
resulting clear solution was refluxed for 1 h after which the 
solvents were removed in vacuo. The residue was purified by 
column chromatography (heptanes/ethyl acetate 8/1 Rf 0.6) to 
give 233 mg (0.6 mmol, 61%) of (S)-L6 as a white foam after 
repetitive stripping with CH2Cl2 at the rotatory evaporator. Spectral data were in 
accordance with literature.35 
General procedure C. Synthesis of solution phase phosphoramidite ligand libraries. 
Stock solutions were prepared by dissolving the proper amounts of every reagent necessary 
for the library synthesis in anhydrous toluene (all by weight). For the phosphorochloridites 
a concentration of 0.150 M was used, for the amines 0.157 M, and for the triethylamine 
0.500 M. Using the liquid handling robot 0.333 ml (1.00 eq) of each of the three 
phosphorochloridite solutions was transferred into the corresponding 32 wells of the 
Whatman PKP filter plate. The triethylamine solution, 0.100 ml (1.00 eq), was added to 
each of the 96 wells. Next 0.333 ml (1.05 eq) of each of the 32 amine solutions was added 
to each of the three blocks of 32 wells. The microplate was placed on an orbital shaker and 
vortexed for 2 hours at room temperature. The microplate was then placed onto the vacuum 
manifold and filtration was performed upon application of vacuum. The filtrates, i.e. 96 
solutions of different phosphoramidites in dry toluene (0.766 ml, 0.065M) were collected 
and stored into a 96-well polypropylene microplate. 
 
General procedure D. Screening of solution phase phosphoramidite ligand libraries. 
A stock solution containing the Rh precursor, Rh(acac)(eth)2 at a concentration of 0.0012 
M, and the substrate, (7.3, 7.15 or 7.20), at a concentration of 0.0310 M, in absolute ethanol 
was prepared. Using the liquid handling robot 0.100 ml (0.10 eq) of the 96 ligand solutions 
was transferred from the microplate into 96 vials, equipped with stirring bars. Then 2.0 ml 
of the Rh(acac)(eth)2 and substrate stock solution, (0.04 eq and 1.00 eq, respectively) was 
added to each of the 96 vials. After the addition of an estimated portion of 4 eq of 
organotrifluoroborate the vials were capped and transferred to the parallel reactor. The 
reactions were left stirring at reflux for the indicated time, and then analyzed by chiral GC 















Parallel synthesis of phosphoramidite ligand libraries 
3-Vinyl-cyclohexanone (7.16). According to general procedure D, for 
spectral and analytical data see Chapter 6. Enantiomer separation on a 
Chiraldex A-TA column, 30m x 0.25 mm x 0.12 µm, 90oC isothermic, 11.8 / 
12.4 min (GC). Quantitative data are given below (Table 7.3). 



















1a 19 79 1e 35 76 1i 4 16 
2a 21 73 2e 53 78 2i 9 9 
3a 34 64 3e 56 75 3i 6 7 
4a 41 73 4e 62 72 4i 6 14 
5a 10 18 5e 22 48 5i 24 25 
6a 17 16 6e 21 14 6i 16 26 
7a 12 41 7e 10 41 7i 12 40 
8a 51 75 8e 80 82 8i 4 15 
1b 52 84 1f 81 87 1j 4 14 
2b 18 22 2f 21 14 2j 13 31 
3b 12 19 3f 20 45 3j 22 27 
4b 22 64 4f 62 77 4j 2 15 
5b 12 21 5f 19 49 5j 23 27 
6b 18 58 6f 20 75 6j 17 42 
7b 14 44 7f 9 41 7j 19 37 
8b 10 21 8f 17 48 8j 16 18 
1c 10 34 1g 21 49 1k 7 22 
2c 13 25 2g 20 45 2k 19 18 
3c 45 67 3g 69 74 3k 4 6 
4c 7 24 4g 19 43 4k 11 24 
5c 31 31 5g 39 19 5k 21 50 
6c 14 36 6g 7 53 6k 19 41 
7c 15 33 7g 8 47 7k 10 41 
8c 11 76 8g 22 82 8k 1 29 
1d 13 11 1h 21 37 1l 12 14 
2d 36 77 2h 74 78 2l 8 0 
3d 22 52 3h 61 58 3l 3 15 
4d 35 82 4h 41 72 4l 8 4 
5d 7 28 5h 5 28 5l 8 25 
6d 9 26 6h 13 37 6l 24 39 
7d 13 49 7h 10 47 7l 14 40 
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4-Phenyl-hex-5-en-2-one (7.18). According to general procedure D, 
spectral data were in accordance with literature.36 Enantiomer separation 
on a Chiraldex G-TA column, 30m x 0.25 mm x 0.25 µm, 125oC 
isothermic, 11.2 / 11.5 min (GC). Quantitative data are given below 
(Table 7.4). 



















1a 69 10 1e 92 7 1i 14 10 
2a 82 22 2e 84 15 2i 17 12 
3a 92 31 3e 88 33 3i 13 4 
4a 99 23 4e 96 21 4i 20 13 
5a 1 0 5e 6 25 5i 10 9 
6a 16 34 6e 42 28 6i 8 6 
7a 35 21 7e 52 24 7i 16 5 
8a 99 17 8e 96 8 8i 17 4 
1b 99 8 1f 88 3 1j 15 5 
2b 28 24 2f 49 29 2j 9 6 
3b 6 12 3f 1 25 3j 9 10 
4b 77 40 4f 99 30 4j 11 4 
5b 15 35 5f 26 26 5j 10 10 
6b 31 37 6f 24 23 6j 8 4 
7b 38 18 7f 35 19 7j 13 7 
8b 28 32 8f 44 27 8j 13 10 
1c 22 43 1g 49 34 1k 4 5 
2c 21 36 2g 2 28 2k 16 11 
3c 78 37 3g 99 25 3k 16 4 
4c 12 41 4g 16 27 4k 10 9 
5c 35 32 5g 49 31 5k 14 6 
6c 32 28 6g 36 29 6k 19 7 
7c 33 16 7g 40 21 7k 17 5 
8c 63 30 8g 83 22 8k 3 8 
1d 22 30 1h 13 30 1l 6 10 
2d 91 14 2h 99 24 2l 16 15 
3d 89 42 3h 99 40 3l 11 24 
4d 70 2 4h 99 17 4l 22 29 
5d 15 22 5h 36 26 5l 21 8 
6d 34 32 6h 52 26 6l 12 3 
7d 30 25 7h 70 23 7l 16 4 












Parallel synthesis of phosphoramidite ligand libraries 
2-Formylamino-3-phenyl-propionic acid methyl ester (7.24). 
According to general procedure D, spectral data were in accordance 
with literature.37 Enantiomer separation on a Chirasil L-Val column, 
30m x 0.25 mm x 0.12 µm, 120oC 8 min, then 10oC/min to 150oC, 17.9 / 
18.7 min (GC). Quantitative data are given below (Table 7.5). 



















1a 11 2 1e 12 16 1i 7 4 
2a 44 10 2e 28 16 2i 7 6 
3a 13 12 3e 10 12 3i 6 3 
4a 28 8 4e 24 20 4i 6 7 
5a 13 1 5e 17 2 5i 30 16 
6a 32 4 6e 32 18 6i 35 17 
7a 31 8 7e 20 9 7i 13 2 
8a 55 19 8e 38 23 8i 8 7 
1b 64 28 1f 43 24 1j 7 13 
2b 40 15 2f 51 25 2j 21 16 
3b 16 1 3f 4 8 3j 22 12 
4b 29 14 4f 45 35 4j 5 9 
5b 22 3 5f 20 15 5j 24 17 
6b 13 0 6f 11 12 6j 9 2 
7b 24 3 7f 19 3 7j 17 1 
8b 33 10 8f 29 15 8j 25 13 
1c 29 5 1g 23 16 1k 22 14 
2c 40 6 2g 7 2 2k 30 14 
3c 23 10 3g 48 24 3k 7 0 
4c 12 1 4g 12 8 4k 24 11 
5c 48 10 5g 40 17 5k 14 5 
6c 23 6 6g 26 6 6k 17 6 
7c 17 3 7g 23 7 7k 16 9 
8c 15 9 8g 26 34 8k 3 1 
1d 37 2 1h 20 14 1l 0 0 
2d 52 26 2h 74 38 2l 8 7 
3d 35 24 3h 58 32 3l 4 2 
4d 24 10 4h 50 27 4l 7 10 
5d 3 7 5h 1 20 5l 7 13 
6d 17 1 6h 27 6 6l 21 14 
7d 14 6 7h 31 14 7l 16 8 
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General procedure E. Cascade synthesis and catalysis. 
To a flame dried Schlenk tube flushed with nitrogen, 25 µl (0.025 mmol, 1.0M in toluene) 
of phosphorochloridite 7.23 was added followed by 50 µl (0.025 mmol, 0.5M in toluene) of 
Et3N and 25 µl (0.025 mmol, 1.0M in toluene) of diethylamine (7.24). The resulting turbid 
mixture was stirred at room temperature for 1h after which 2.0 ml of an absolute ethanol 
stock solution containing 25 µl (0.25 mmol) of 7.3, 2.6 mg (0.01 mmol) of Rh(acac)(eth)2 
and 5 µl of n-tridecane (GC internal standard) was added. After the addition of 134 mg (1.0 
mmol) of 7.15 the resulting mixture was heated at reflux for 3h, and subsequently analyzed 
by chiral GC (see Chapter 6 for details). 
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Asymmetrische katalyse met chirale monodentaat 
fosforamidiet liganden 
 
Katalyse en chiraliteit 
Een katalysator wordt, geheel terecht, door de meeste mensen gezien als een essentieel 
onderdeel van de auto. En deze past ook prima binnen de definitie van een katalysator in 
het algemeen: “iets dat een reactie versnelt zonder daarbij zelf verbruikt te worden”. De 
katalysatoren zoals die in auto’s toegepast worden zorgen ervoor dat stoffen zoals 
koolmonoxide en stikstofoxides omgezet worden in het minder schadelijke koolstofdioxide 
en stikstof. Zo’n katalysator bestaat uit een keramieken filter dat bedekt is met een laagje 
metaal, bijvoorbeeld platina of rhodium (Figuur 1a). Voor chemische reacties wordt ook 
veelvuldig gebruik gemaakt van katalysatoren. Hoewel het principe identiek is aan de 
katalysator in een auto, kan een chemische katalysator een totaal andere structuur hebben. 
De katalysatoren die in dit proefschrift beschreven worden, bestaan uit slechts enkele 
molekulen (Figuur 1b). Het zijn homogene katalysatoren, d.w.z. ze zijn oplosbaar in het 
reactiemedium, bestaande uit een metaal (M) zoals koper of rhodium en twee liganden. Een 
ligand is in dit geval een organisch molekuul dat het metaal bindt, in oplossing houdt en 












Figuur 1. Structuur van een katalysator zoals toegepast in een a) auto b) chemische reactie 
Deze liganden zijn van groot belang voor het onderzoek beschreven in de proefschrift want 
naast het versnellen van chemische reacties, hebben deze katalysatoren nog een tweede 
functie, namelijk op het gebied van de controle van chiraliteit. Net als wijzelf zijn veel 
organische molekulen namelijk chiraal. Het woord chiraal is afgeleid van het Griekse 
woord voor hand, cheir (χειρ). 
 






   
Van een voorwerp wordt gezegd dat het chiraal is wanneer het spiegelbeeld ervan niet tot 
dekking te brengen is met het origineel. Dit is in Figuur 2 weergeven voor een hand en een 
aminozuur molekuul. De chiraliteit van een hand zorgt er dus voor dat een rechterhand niet 
in een linker handschoen past. Dit gaat ook op voor veel molekulen en de twee 
spiegelbeeldvormen worden dan enantiomeren genoemd. Behalve een verschillende 
ruimtelijke configuratie hebben enantiomeren ook verschillende interacties met andere 
chirale stoffen, zoals de enzymen in het menselijk lichaam. Dit leidt ertoe dat twee 
enantiomeren van dezelfde stof een totaal andere werking kunnen hebben. Voorbeelden zijn 















Figuur 3. Enantiomeren met verschillende bioactiviteit. 
Het is daarom van belang dat bij de productie van biologisch actieve stoffen zoals 
geneesmiddelen slechts een van beide enantiomeren wordt verkregen. Dit kan onder andere 
door gebruik te maken van een chirale katalysator. Een goede manier om een katalysator 
chiraal te maken is door gebruik te maken van chirale liganden. Het voordeel hiervan is dat 
met een geringe hoeveelheid chiraal materiaal een grote hoeveelheid chiraal product 
verkregen kan worden. De chirale liganden die in dit proefschrift beschreven worden, 
namelijk fosforamidieten, zijn gebaseerd op een fosforatoom dat omringd is door twee 
zuurstofatomen en een stikstofatoom. De selectiviteit van een chirale katalysator wordt 
uitgedrukt in e.e. (naar het Engelse enantiomeric excess), waarbij 0% overeenkomt met een 
gelijke verhouding van enantiomeren en 100% de aanwezigheid van uitsluitend één 
enantiomeer aangeeft. Het gebruik van een willekeurig chiraal ligand in combinatie met een 
metaal leidt helaas niet automatisch tot een e.e. van 100%, het vergt daarom veel onderzoek 
om de juiste chirale katalysator voor een bepaalde reactie te vinden. Gedurende zo’n 
onderzoek wordt een aantal chirale liganden gemaakt en getest en op basis van die 
resultaten vindt verdere optimalisatie plaats. Dit, soms tijdrovende, proces kan verkort 
worden door het gebruik van combinatoriele technieken. De onwikkeling van 
enantioselectieve katalysatoren voor geconjugeerde addities met behulp van combinatoriele 
principes is het hoofdonderwerp van dit proefschrift. 
 
Inhoud van dit proefschrift 
In hoofdstuk 1 wordt een uitgebreidere inleiding over chiraliteit gevolgd door een overzicht 
van het gebruik van monodentaat liganden in de asymmetrische katalyse. In tegenstelling 
tot de bidentaat liganden, die met twee posities aan het metaal gecoördineerd zijn, hebben 
monodentaat liganden slechts één coördinatie mogelijkheid met het metaal. Het gebruik van 
twee chirale monodentaat liganden in plaats van één bidentaat wint aan populariteit in het 
veld van de asymmetrische homogene katalyse, en het overzicht in hoofdstuk 1 geeft de 
succesvolle voorbeelden daarvan vanaf de tweede helft van 2002 tot en met het begin van 
2004. Fosforamidieten, waarvan de algemene structuur al aangegeven is in Figuur 1b, zijn 






uitstekende chirale monodentaat liganden, wat blijkt uit het grote aantal toepassingen ervan 
die in hoofdstuk 1 genoemd worden. In hoofdstuk 2 worden toepassingen van 
fosforamidieten beschreven als liganden in de koper gekatalyseerde enantioselectieve 1,4-















tot 77% e.e.  
Schema 1. Enantioselectieve 1,4-additie van diethylzink aan nitrostyrenen (H2). 
Als eerste voorbeeld van een combinatoriele techniek wordt een mengsel van negen 
verschillende nitrostyrenen volledig omgezet in de overeenkomstige nitroalkanen, met e.e. 
waardes tot 77%. Door zowel tijdens de reactie als tijdens de e.e. bepaling gebruik te 
maken van een mengsel, kon snel de selectiviteit van een katalysator voor verschillende 
substraten getest worden. Tijdens deze reacties bleek dat de katalysator bestaande uit koper 
en twee fosforamidiet liganden (S,R,R)-L1 erg gevoelig is voor de aanwezigheid van 
chloride. De toevoeging van 0.8% chloride gaf een katalysator die ordes van grootte sneller 
was als een katalysator in de afwezigheid van chloride. De oorsprong van dit “halide effect” 
kon tot nu toe niet ontrafeld worden. In hoofdstuk 3 worden de resultaten van het gebruik 
van alifatische nitroalkenen als substraten beschreven. De synthese van de nitroalkenen 
bleek relatief eenvoudig en kon op grote schaal worden uitgevoerd. De hoge selectiviteit 
voor deze verbindingen, tot 98% e.e., heeft geleid tot de eerste enantioselectieve 













98% e.e.  
Schema 2. Synthese van β2-aminozuren (H3). 
Dit type aminozuur is een belangrijke bouwstof in de synthese van biologische active 
verbinding en enkele geneesmiddelen. In hoofdstuk 4 komt de rhodium gekatalyseerde 1,4-
additie aan bod. Deze reactie is complementair aan de koper gekatalyseerde versie omdat 
de eerstgenoemde de beste manier is om aromatische groepen te introduceren, terwijl de 
tweede het meest geschikt is voor de additie van alifatische groepen. Hoewel de reactie 
goed verliep bleek de rhodium gekatalyseerde 1,4-additie van fenylboorzuur minder 
enantioselectief dan gehoopt en niet altijd reproduceerbaar. Een belangrijke vondst was dat 
voor de meest succesvolle fosforamidieten kleine substituenten op het amine deel van het 





















48% e.e.  
Schema 3. Rhodium gekatalyseerde 1,4-additie van fenylboorzuur (H4). 
Hoofdstuk 5 gaat over de toepassing van de monodentaat ligand combinatie methode. Bij 
deze methode wordt gebruik gemaakt van twee verschillende monodentaat liganden, in 
plaats van de gebruikelijke twee identieke liganden. Dit leidt tot een mengsel van drie 
verschillende katalysatoren (complexen), waarbij het hetero-complex een nog niet eerder 













Schema 4. De monodentaat ligand combinatie methode (H5). 
Wanneer dit hetero-complex zowel selectiever als actiever is als de homo-complexen leidt 
dit tot betere resultaten. De methode is succesvol toegepast in de rhodium gekatalyseerde 
1,4-additie van arylboorzuren; de combinatie van liganden gaf in enkele gevallen een 
verdubbeling van de enantioselectiviteit en een viervoudige activiteit. Met behulp van 31P-
NMR werd de aanwezigheid van een hetero-complex aangetoond, en het mengsel bleek 
hier soms voor meer dan 90% uit te bestaan. In hoofdstuk 6 wordt de enantioselectieve 1,4-
additie van alkenyl nucleofielen besproken. Een rhodium-fosforamidiet katalysator in 
combinatie met een alkenyltrifluoroboraat bleek het juiste systeem om dit type 1,4-additie 
te bewerkstelligen. Een uitgebreide optimalisatie van de reactiecondities en de 
















Schema 5. Enantioselective 1,4-additie van kalium vinyltrifluoroboraat (H6). 
De synthese van de fosforamidiet liganden wordt behandeld in hoofstuk 7. Van de 
meerdere routes die beschikbaar zijn, bleek de route via een fosforochloridiet de meest 
praktische en efficiente. Deze route kon ook geautomatiseerd worden waardoor het 
mogelijk werd om 96 verschillende fosforamidiet liganden met een robotsysteem simultaan 
te synthetiseren en vervolgens te testen (Schema 6). 




















THF, 0oCreflux  
Schema 6. Fosforamidiet synthese (H7). 
Dit heeft geleid tot de identificatie van enkele veelbelovende fosforamidiet liganden voor 
de rhodium gekatalyseerde 1,4-additie en de enantioselectieve protonering. 
